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Sr-feldspar: The electron diffraction data obtained agree with the space group 12/c deter-
mined by X-ray methods. The antiphase domains present are considered to originate
from a subsolidus phase transition due to ordering of Al and Si. Polysynthetic twins of
the Carlsbad law have been found. Sr-hexacelsian: Three polymorphs with the probable
space groups P6/mmm, P65 /mcm and Immm have been observed, the latter two for

the first time in this compound. Both P6/mmm and P65 /mcm polymorphs were present
at room temperature. When heated above ~ 600° C, the P65;/mcm polymorph transforms
rapidly and reversibly to the pseudohexagonal orthorhombic phase with the space group
Immm. P6;/mecm-Sr-hexacelsian shows antiphase domains with the displacement vector
4c¢ and Immm-Sr-hexacelsian contains twin domains with the three-fold twin axis

parallel to ¢. The occurrence of antiphase and twin domains, respectively, agrees with the
symmetry reductions involved with the phase transitions. This is shown by aid of the
group—subgroup relationships among the space groups P6/mmm, P65 /mcm and Immm.

1. Introduction

The alkaline earth aluminum silicates CaAl, Si, Oy,
SrAl, Si; Og and BaAl,Si, Og are important con-
stituents of phase systems of high interest in nature
and ceramics. For example, the plagioclase feld-
spar series Na,Ca;_,Al; .Si5.,05 (0<x<1)
are the most common minerals of the earth’s crust
and have been the topic of numerous studies [1].
Polymorphs of BaAl,Si, Oy frequently occur in
optical glasses, in ceramic and glass-ceramic
products [2]. The present study by means of
transmission electron microscopy (TEM) is in-
tended to contribute to the knowledge of poly-
morphism and crystal defects of SrAl,Si, 04
which is the least investigated compound of those
mentioned above.
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The polymorphs so far known of SrAl,Si, Oy
crystallize in the structures of feldspar, paracelsian,
and hexacelsian. The Sr-feldspar is the stable phase
between about 500° C and the melting point at
1650° C, Sr-paracelsian is stable from room tem-
perature up to 500° C, and Sr-hexacelsian which is
metastable in the whole temperature range can
only be prepared by quenching of a superheated
melt. The feldspar and hexacelsian polymorphs of
SrAl, Si, O3 are only known as synthetic products.
Sr-paracelsian, however, has just been reported to
occur as a mineral called slawsonite [3].

Bruno and Gazzoni [4] found that the space
group of ordered Sr-feldspar is 12/c; a crystal
structure refinement was done by Chiari et al
[5]. Sr-feldspar and celsian (BaAl, Si, Og) are iso-
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Figure 1 Hexacelsian structure with the
characteristic double-tetrahedra sheets.
M:Ca, Str, Ba, Pb; T:Si, Al, Ge; O:

oxygen, ¢ =7.6 A for Sr-hexacelsian
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with the space group P6/mmm.
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structural. No X-ray single crystal data of Sr-hexa-
celsian are available at present. X.ray powder
data have been published by Sorrell {6], Barrer
and Marshall [7], and Sirazhiddinor [8, 9]. All
authors based their indexing on an hexagonal cell
with ¢ ~ 7.6 A. Hexacelsian — originally the name
of an hexagonal polymorph of BaAl, Si, Og — now
denotes a structure family. Known end-members
crystallizing in the hexacelsian structure are Rb-
AISi308, C3A12Si208, SI'A12Si2Og, BaA123i208,
PbAl,Si, 0, and BaAl,Ge, 05 [10, 11]. In the
basic hexacelsian structure (Al, Si)Q,-tetrahedra
share three corners in a way which yields an
hexagonal sheet with the remaining apices pointing
into the same direction, cf. Fig. 1. Two of those
sheets join through sharing of their apical oxygens
thus forming a double tetrahedra sheet. The large
cations lie between such double sheets. The sheet
symmetry is hexagonal or pseudohexagonal.

Systematic work on crystal defects in Sr-felspar
has not been published so far. Only Bruno and
Gazzoni [4] described Carlsbad twins in their
sample and Miller [12] observed antiphase
domains in a non-stoichiometric sample by means
of TEM. Even less is known on Sr-hexacelsian. As
mentioned above, no X-ray single crystal data exist
and the space group(s) of Sr-hexacelsian are not
known. There are no informations on presence and
nature of crystal defects in Sr-hexacelsian.

TEM methods including electron diffraction,
bright-field, dark-field, and lattice imagirig were
used in order to study crystal defects and to
determine the space groups of Sr-feldspar and
Sr-hexacelsian. The purpose of this study was
also to reveal similarities and differences between
the corresponding polymorphs SrAl,;Si, 04
CaAl,8i,0g, and BaAl,Si,0; regarding crystal
sructure, phase transitions and crystal defects.
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2. Materials and techniques

The Sr-feldspar was prepared by slow cooling of a
stoichiometric melt. Its lattice parameters deter-
mined by X-ray Guinier powder patterns are:

a = 83923(7NHA
b= 129708(8)A
¢ = 142681(1)A
B = 115.451(5)(°).
The Sr-hexacelsian could only be obtained by

quenching a superheated melt (1700° C) to room
temperature. The lattice parameters based on
hexagonal indexing are: '

a = 51931 (154

¢ = 7.5963(23)A.
Suitable thin specimens for TEM with 100kV ac-
celeration voltage were prepared from conventional
petrographic thin sections by ion bombardment
[13—15]. Specific conditions are described by
Miiller and Wenk [16]. TEM observations were
made with the aid of a JEOL JEM 100B electron
microscope equipped with a side entry goniometer.
In order to observe possible phase transitions at
elevated temperatures in situ a commercially
available heating holder was used. The TEM
methods employed in this study for analysing
crystal defects are described in textbooks in detail
{17-19].

3. Sr-feldspar: Observations and results

3.1. Antiphase domains

Selected area electron diffraction patterns of single
crystals which commonly had a size of about 5 to
50 um were in agreement with the space group 12/c
[4] : only reflections with 4 + k = 2n, 1 = 2n (type
“aYand with h + k=2n+ 1,1 =2n+ 1 (type
“b) were found. Reflections of the kind h + k =
2n, I=2n+1 and h+k=2n+1, [ =2n have
not been seen, cf. Fig. 2a (both types of reflec-



Figure 2 Sr-feldspar. (a) Typical electron diffraction pattern displaying reflections of the type “a” (& + k = 2n,1 = 2n)
and type “b” (# + k=2n+ 1,1=2n + 1). (b) Antiphase domains. TEM dark-field image with g = 215. (c) Diffraction
pattern of a crystal twinned according to the Carlsbad law (twin axis parallel ¢); twin reflections are underlined. (d)
Carlsbad twins. The composition plane is parailel to (0 10). TEM dark-field image with g = 1 T6.

tions occur also in anorthite, the Ca-feldspar,
CaAl, Si, Og). Dark-field images using b-reflections
revealed antiphase domains about 500 to 1000 A
in size (Fig. 2b). They were out of contrast with
a-reflections operating. According to the visibility —
invisibility criteria, the displacement vector of the
antiphase domains is 1/2 ¢ (cf. textbooks men-
tioned above; a recent discussion of TEM of
domains has been given by Amelinckx and Van
Landuyt [18]).

3.2. Twins

The crystals commonly display polysynthetic
twinning of the Carlsbad law, i.e. 180° rotation

Figure 3 Stereographic projection of Sr-feldspar. The
indices of the planes in twin orientation are underlined.
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Figure 4 Sr-hexacelsian. (a) Lamellar intergrowth parallel to (00 1) of P6/mmm- and P6 ,/mcm-Sr-hexacelsian. Lamellae
of P6,/mcm-Sr-hexacelsian are bright. TEM dark field image with g = 2 171 3 which is a reflection only of the P6 ,/mem-
St-hexacelsian. The corresponding electron diffraction pattern isinserted. (b) Lattice image of (0 0 1) planes of P6,/mcm
Mmemmc~li2AmmPﬂmmmwMu%JﬁA(wmywmonﬂwo@mﬂpmmgwMJMammMdemm
boundary (APB) in P6,/mem-Sr-hexacelsian is indicated by an arrow. (c) APBs in P6, /mcm-Sr-hexacelsian. TEM dark-
field image with g = 211 3. '
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about ¢. The twin lamellae have (010) as com-
position plane and are sometimes only a few unit
cells in width. Due to the special lattice metric of
Sr-feldspar which was already discussed by Bruno
and Gazzoni [4] the twin reflections appear at the
positions of type d-reflections (A +k=2n+1,
I=2n) cf. Fig. 2c. Dark-field images with these
reflections operating proved that they were indeed
twin reflections (cf. Fig. 2d). Fig. 3 displays the
stereographic projection of Sr-feldspar, indices of
the planes in twin orientation are underlined.

4. Sr-hexacelsian: Observations and results
4.1. Phases present at room temperature

At room temperature, two hexagonal Sr-hexa-
celsian polymorphs occur in the sample; one has
the lattice parameter ¢~ 7.6 A, the other has
c~2xT76A~152A. The two polymorphs
occur as oriented intergrowth with @ and ¢ paral-
lel (cf. Fig. 4a). Their common composition plane
is (001), which is the plane of the Al,Si,0q4
sheets. Electron diffraction patterns of several
crystals have been collected in order to determine
unit cell data and extinction rules. This was greatly
facilitated by the + 60° tilt and * 180° rotation
capabilities of the specimen holder, which hetped
to obtain many diagnostic orientations of one
crystal. In view of the topological features of the
hexacelsian structure, the probable space group of
the Sr-hexacelsian with ¢ ~ 7.6 A is P6/mmm, that
of the polymorph with ¢ ~152A is P65/mem.
The ¢ glide plane of P63/mcm was deduced from
systematic absences in the 00/—k k0 diffraction
patterns where reflections of the type 2kl only
showed up for / even. Of course, it has to be deter-

mined by careful X-ray single crystal studies, if
these space groups are indeed the true ones. In
the following, the polymorphs of SrAl,Si,Og-
hexacelsian are simply characterized by their space
groups and called P6/mmm-Sr-hexacelsian and
P63 /mem-Sr-hexacelsian, respectively.

It may be mentioned that in addition to the
crystalline phases small glassy areas occurred which
were about lum in size. Qualitative energy dis-
persive X-ray microanalysis showed that the glass
has an higher Si/Al ratio than the Sr-hexacelsian.
No differences in chemical composition between
the two crystalline polymorphs have been de-
tected.

4.2. Antiphase domain boundaries (APBs)
in P65 /mcm-Sr-hexacelsian

P65 /mcm-Sr-hexacelsian ~ commonly  displays
planar lattice defects predominantly oriented
parallel to (00 1), cf. Figs. 4b and c. They were in
contrast with reflections of the type h k! with
[=2n+1 and out of contrast with reflections
of the type hk! with / = 2n. These faults are in-
terpreted as APBs; their displacement vector is
1/2¢.

4.3. Phase transition P6;/mcm-= Immm-
Sr-hexacelsian

Controlled heating experiments using the com-
mercial heating holder were performed with a
Sr-hexacelsian specimen inside the electron micro-
scope. It turned out that the P6;/mem-Sr-hexa-
celsian undergoes a rapid and reversible phase
transition at elevated temperatures. This transition
can easily be followed upin the electron diffraction

Figure 5 Heating experiment with Sr-hexacelsian. (a) Diffraction pattern of P6;/mcm-Sr-hexacelsian at room tempera-
ture. {b) Diffraction pattern of the same crystal after the phase transition P6,/mcm = Immm at a temperature > 600° C;
additional reflections appear, reflections caused by twinning are underlined and the three-fold twin axis lies paraliel to c.
ﬂwrdkaMnbﬂW%nOOOMMIIOW%pHMu%dbymMHMemﬂmdmm
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mode because reflections of the type # + & = 2n,
[=2n+1 disappear and new reflections of the
type h+k=2n+1, I=2n+1 become visible
(all reflections are given here in the orthorhombic
setting), cf. Fig. 5. The new phase has the lattice
parameters 2~ 524, b~9.0A and c~1524
and the probable space group Immm. The Immm-
Sr-hexacelsian crystals are commonly fragmented
into twin domains. Analysis of the electron dif-
fraction patterns revealed that three orientation
variants of twin domains occur; the three-fold axis
is parallel to c.

Although the furnace temperature of the
heating holder is obtained accurately, the exact
temperature of the phase transition cannot be
given since it is not measured at the specimen area
under observation. The phase transition occurred
at furnace temperatures between 700 and 900° C.
The reversion back to P65 /mem-Sr-hexacelsian of
the same crystal sometimes took place at a tem-
perature of up to 100° C lower. It is not clear if
this is a true hysteresis or an experimental effect
due to changes in thermal contact between heater
and specimen. In any case, the Immm polymorph
could not be quenched to room temperature. It
may be noted that the polymorph P6/mmm-Sr-
hexacelsian did not show any structural change in
the temperature range up to ~ 950°C furnace
temperature.

4.4, Space group relationships and the
occurrence of twin and antiphase
domains

Many studies in the field of materials science and

mineralogy have shown that the occurrence of

twin and antiphase domains is frequently a con-
sequence of order—disorder or displacive phase
transitions. The symmetry relations of the domains,

e.g. the twin law or the displacement vector of the

antiphase domains, allow conclusions to be made

regarding the structure of the parent phase which
is usually the high temperature phase. Group-
theoretical considerations help to understand or
to predict the occurrence of domains associated
with phase transitions, at least from a geometric
point of view [20—24]. Inspection of the tables
“Maximal subgroups of the space groups” [25]
shows that the space groups P6/mmm, P6;/mcm
and Immm of the polymorphs of Sr-hexacelsian
are related to each other as seen in Fig. 6 (adopted
from Miiller {26]). P63/mcm and Immm are both
subgroups of P6/mmm, but lie on different
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branches of the “family tree” {21]. No twin
domains can occur in P65/mcm-Sr-hexacelsian
since it is a (maximal) klassengleiche subgroup of
the parent space group P6/mmm. But APBs with
1/2 ¢ as displacement vector are to be expected
and have actually been observed, because P63 /mcm
has lost the translational symmetry operation 1/2c.
Immm has lost point group and translational
symmetry operations, namely the three-fold axis
parallel to ¢ and the translational symmetry
operation 1/2¢. Three orientation variants with
the three-fold twin axis parallel to ¢ and antiphase
domains with the displacement vector 1/2¢ are
possible in Immm-Sr-hexacelsian. Only the twin
domains have been found. APBs may also occur
but have not been seen so far, possibly because the
imaging conditions at the high temperatures were
not suitable. '

63
CTmm =cm
k2
a.bc=2¢
Immm

Figure 6 (After [26]). Group—subgroup relationships
between the three Sr-hexacelsian modifications with the
space groups P6/mmm, P6,/mcm and Immm observed,
displayed in a “family tree”. The unit cell transformations
are given in terms of the basic vectors &', b’ and ¢’ of the
unit cell of P6/mmm. The symmetry-teducing step is
symbolized by an arrow which connects a space group
with its maximal subgroup, The letters t or k indicate that
the subgroups have the same translational or point group
symmetry, respectively, as the corresponding space group.
The numbers give the indices of reduction, e.g. {3 means
that the subgroup has the same translational symmetry
as the (parent) space group but has lost the point group
symmetry of a three-fold axis. Formalism after {21].



5. Discussion

The antiphase domains of Sr-feldspar probably
originate from a subsolidus phase transition due to
ordering of Al/Si, i.e. each Al tetrahedron is sur-
rounded by Si tetrahedra and vice versa [27] . This
is concluded from the fact that the displacement
vector 1/2c¢ relates sub-lattices of similar atomic
coordinates but exactly reversed Al/Si-arrange-
ments. The same type of antiphase domains
attributed to the ordering of Al/Si has also been
observed in synthetic celsian, BaAl,Si, Oz, [26]
and in natural and synthetic anorthites, CaAl,-
Si, Og, which crystallized from the melt or were
obtained by crystallization of glass [28—31]. The
displacement vector of the antiphase domains is
1/2¢ for celsian (space group 12/c) and 1/2 (z + b)
for anorthite (space group PI1) [29]. The vector
1/2(a + b) also relates sublattices with exactly
reversed Al/Si-distribution;in a truly body-centred
structure 1/2(a + b) and 1/2¢ are symmetrically
equivalent. It is not yet clear why in anorthite the
displacement vector of the antiphase domains is
1/2(a + b) and not 1/2¢.

Three Sr-hexacelsian polymorphs have been ob-
served in this study: Their probable space groups
are P6/mmm, P6;/mcm and Immm. The space
group relationships shown in Fig. 6 are identical
with those of Ba-hexacelsian (Fig. 4 in [26]).
However, in the case of Ba-hexacelsian only the
polymorphs P63/mcm and Immm have been ob-
tained and identified unequivocally [26]. Tt is
assumed that at very high temperatures (> 1570° C
up to the melting point at ~ 1760° C) a Ba-hexa-
celsian with the space group P6/mmm is stable,
but this has not yet been proven by diffraction
methods. Takéuchi and Donnay [32] have shown
that hexagonal CaAl,Si,0z has the space group
P63/mem and found evidence for mistakes in the
stacking sequence of the Al,Si, Oy sheets, but no
TEM study has been published on this compound
so far. If we compare the TEM results on Sr- and
Ba-hexacelsian, we recognize close similarities.
Both P6;/mcm polymorphs display the same type
of APBs and both change rapidly and reversibly
to a pseudo-hexagonal orthorhombic phase with
the probable space group Immm which shows
twin domains with the three-fold twin axis paral-
lel to ¢. In Immm-Ba-hexacelsian, ABPs with the
displacement vector 1/2c¢ have been observed
which were not seen in Immm-Sr-hexacelsian,
possibly because of experimental difficulties. It is
concluded that the phase transition of Sr-hexa-

celsian detected by means of differential thermal
analysis and thermal expansion measurements at
about 600° C [11, 33] is identical with the phase

transition P6;/mcm =—= Immm reported in this

paper. The transition temperature is about 300° C
higher than that of the analogous transition in
Ba-hexacelsian. Somewhat surprising is the ob-
servation that P6;/mcm-Sr-hexacelsian and the
presumable high temperature phase P6/mmm-Sr-
hexacelsian both were present at room tempera-
ture. A difference in chemical composition of
these two phases was not detected. A speculative
explanation could be that the Al/Silong-range
order in Sr-hexacelsian was only partially com-
pleted at high temperatures due to the rapid
quenching of the melt. When cooled down, only
those areas with Al/Si order underwent the
transitions to Immm and P6;/mcem while the
Sr-hexacelsian with disordered Al/Si distribution
retained the space group P6/mmm:.
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