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The structure of KAlSiOo with P6tmc symmetry
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Department of Geology, Uniuersity of Califtrnia
Los A ngeles, C alifu rnia 90024

Abstract

Hexagonal KAlSiO. produced from nepheline by alkali exchange in molten KCI shows
different diffraction effects from different crystals, even from the same exchanged batch. These
crystals show variable degrees ofdiffuse streaking parallel to c*, and the observed diffraction
symmetries range from that of the kalsilite space group, P6r, to that of space group P6smc.

Study of the crystal structure of this latter symmetry phase reveals a kalsilite-like arrangement
but with positionally disordered oxygen atoms. The disorder is attributed to a domain
structure. Transformation of nepheline to kalsil i te proceeds by tetrahedral rotation such that
successive (00. l) layers undergo opposite-sense rotations. Where this sequence is interrupted,
out-of-phase domain boundaries occur.

Introduction

As part of a study of Si-Al ordering in nepheline
(Dollase and Peacor, 197 l) Na-exchange nepheline,
NaAlSiOn, and hexagonal KAlSiOr were produced
by a solid-state alkali exchange in molten chlorides.
The compositions of the phase or phases produced
depends upon the ratio of nepheline to alkali chlo-
ride. The procedure has been described by Wyart and
Michel-L6vy (1955),  Debron (1965),  and others.  The
kinetics of unmixing in intermediate members of the
nepheline-kalsil i te series were recently studied by
Yund el al. (1972), using similar preparative meth-
ods.

The crystal structure of l ialsil i te (near KAlSiOn
composition) was reported by Perrotta and Smith
(1965). That structure determination was made on a
naturally occurring unmixed nepheline-kalsil i te in-

tergrowth, and demonstrated that the symmetry ol
kalsif ite is hexagonal, P6. In a single-crystal X-ray
examination of grains produced in the present study
by K-exchange starting from nepheline, a kalsil i te-
l ike phase has been found. It was noted that many
crystals of this phase show disorder diffuse streaking
parallel to c* with different crystals showing different
degrees of streaking, and that the intensities of the
hhl, l-odd reflections vary from crystal to crystal.
Further examination showed that this class of reflec-
tions is in fact systematically absent in some crystals,
which then exhibit over-all diffraction symmetry
6/mmm P*xc. A crvstal-structure analvsis of this

phase was undertaken in order to determine its struc-

tural relationship to normal P6' kalsil i te.

Alkali exchange Procedure

Crushed samples of nepheline from Larvik, Nor-

way (same sample as used in the crystal-structure
refinement of nepheline, Dollase, 1970) were mixed

with powdered KCI in various proportions and

heated at temperatures near 800'C in crimped gold

capsules for periods of l8 to 100 hours. The composi-

tions of the resulting phase or phases were deter-

mined by X-ray powder diffraction measurements
(Smith and Tuttle, 1957). Sample 9, which yielded

crystal 9,{ used for intensity measurements, was pre-

pared from a mixture of 5 parts by weight of KCI to I
part nepheline, held at about 780'C for 24 hours.

Using the variation in cell volume as a function of

composition reported by Smith and Tuttle, crystal 9,{

has a composition of about KsruNeoo.

Symmetry of alkali-exchanged kalsilite

In order to document the existence of all stages

between crystals with hhl, /-odd reflections absent, to

normal kalsilite with symmetty P6" (and therefore

hhl,l-odd reflections clearly present), precession pho-

tographs were scanned with a microdensitometer
measuring X-ray intensities along reciprocal lattice

lines containing hhland in particular l l /. Intensities

from twelve single crystals, taken from 8 different

exchanged batches, were measured and normalized to
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the same scale such that the sum of the l1l, /-even
reflections was constant. Some crystals from the same
exchange batch show markedly different hhl l-odd
intensities, and there is no apparent correlation of
these intensities with the slight differences in run du-
rations, temperatures, or starting compositions. The
normalized intensities of the I l l , l-odd reflections for
the twelve different crystals are shown in Figure l. A
nearly continuous gradation exists from single crys-
tals with hhl, l-odd (essentially) absent to those with
strong hhl, l-odd reflections.

There are two differences between the hexagonal
diffraction symmetries P6r** and P**c, namely the
presence or systematic absence of reflections of the
type hhl, /-odd, and secondly the equality (in the case
of  P**c)  or  nonequal i ty  ( in  the case of  p63**)  of
reflections hkl and khl, i.e. a difference in Laue
groups 6/m or 6/mmm. This second difference, how-
ever, is not very diagnostic in this particular case, as
the intensities of hkl and khl are also very nearly the
same in normal P6, kalsil i te. Perrotta and Smith
(1965) apparently considered P6r22 (the uniquely de-
termined space group if Laue group 6/mmm is ac-
cepted) to be a possible space group, but it was
ultimately discarded in favor of P6s on the basis of
agreement of observed and calculated structure fac-
tors. Finally, the effects of twinning on the diffraction
pattern should be considered. Pervasive macroscoplc
twinning [e.g.  wi th ( l1 .0)  twin p lane]  could account
for an apparent 6/mmm diffraction symmetry, but

the reflections of the type hhl, /-odd would then be
expected to be present, being merely the sum of the
intensities contributed by the various component
subgrains.

Structure analysis

Crystal 9,{, which shows no observable hhl, l-odd
intensities above the streak background, was selected
for X-ray intensity measurements. This crystal mea-
sured about  0.1 X 0.1 X 0.03 mm. Cel l  d imensions
were measured on precession photographs, yielding
va lues  o f  a  : 5 .153 (5 )  and  c  :  8 .682 (9 )  A .  These  a re
simi lar  to  those of  Perrot ta and Smith of  5.161(4)  and
8.693(5) A. ttre intensities of 364 reflections were
measured on a manual three-circle single-crystal dif-
fractometer of the Weissenberg type using Zr-filtered
MoKa radiation. The data were corrected for absorp-
t ion (p :  17 cm- ' )  us ing a polyhedral  approxima-
t ion,  and for  Lp lactors.

Refinement of the structure was started using the
positional parameters and symmetry P6s of Perrotta
and Smith's kalsil i te model. A difference Fourier map
showed, however, that the O(2) site was only half
occupied, with an additional half-oxygen electron
density peak at a location mirror-equivalent to the
O(2) atom, i.e. the O(2) atom is disordered between
two sites. Because all atoms except O(2) are in special
positions, disordering of O(2) to a mirror-equivalent
site produces a structure of symmetry P6rmc. Reflec-
tions of the type hkl and khl were compared and
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Fig I  Intensi t iesofref lect ionsof thetypehhl , l -oddforvar iouskals i l i tes inglecrystals.Theintensi t iesfromthedi f ferentcrystalswere
scaled such that  > :  ( l12 + I , t4 *  1, , " )  is  constant .  The indiv idual  intensi t ies (ordinate scale)  and sum of  odd-order intensi t ie i  (abscissa
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found to agree closely. Deviations averaged about 7
percent, with stronger reflections showing better
agreement. Consequently the data were averaged to
Laue group 6/mmm, resulting in 228 independent
reflections. Refinement was then continued in space
group P6"mc. A second difference Fourier map
showed the O(l) atom to be slightly displaced from
the 3-fold axis (as is commonly found in these tridy-
mite-like structures) from its position at l/3 2/3 z to
about l/3 y z. Although the symmetry of the off-axis
site does not require the a-axis coordinate to remain
l/3, this value was indicated in the Fourier map and
retained in the subsequent refinement. The refine-
ment converged at a final R-value of 9.8 percent for
all reflections employing unit weighting. This rather
high residual is probably due in part to the extensive
disorder characterizing this material. Final refined
positional and thermal parameters are given, along
with those of Perrotta and Smith, in Table l. Com-
parison of observed and calculated structure factors
is given in Table 2.

Description of the structure

Although the structures of P6, and P6"mc KAlSiOl
are shown below to be different, the coordinates of
their constituent atoms (each referred to its own
space group) are the same within statistical uncer-
tainty, as can be seen in Table L The small differ-
ences in thermal parameters are of uncertain signifi-
cance.

The relationship between the phases is il lustrated
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in the (00.1) projection shown in Figure 2' In this
schematic drawing the structure in regions farthest
from the line AA' is the ideal P6r kalsilite atomic
arrangement. A unit cell is shown in dotted outline.
This structure is composed of layers of 6-membered
rings of SiOn and AlO, tetrahedra with large K-atoms
(not shown) occupying positions at the centers of
these rings. The Si-containing tetrahedra point to-
ward the viewer, and the Al-containing tetrahedra
point away. Note that the tetrahedra are rotated
(around c) from a perfect hexagonal ring configura-
tion to a ditrigonal ring configuration. In ideal kalsi-
lite, within any one (00.1) layer all the ditrigonal
rings "point" in the same direction (say along one of
the c axes), whereas in the next layer they point in the
opposite direction. The c-axis repeat is therefore two
layers, and the rotation produces a staggering of tet-
rahedra, so that both layers may be discerned as in
Figure 2.

The addition of a mirror plane normal to an a-axis
produces the P6emc structure. Beeause of the short
distance between the two mirror-equivalent O(2)
sites, only one of these can be occupied at one time.
Considering the strong Si-O or Al-O bonding that is
present, it is reasonable that neighboring O(2) sites
are occupied in such a manner as to maintain ap-
proximate tetrahedral geometry. The individual tet-
rahedra would thus have the same local configuration
as in kalsili te, i.e. they are rotated (either CW or
CCW) about the c axis. The disordered (P6smc)
structure can be considered as the average structure

Table l- Positional and thermal parameters of P6"mc KAlSiO. compared to those of P6, kalsilite after Perrotta and Smith (second line
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obtained by averaging over regions of the crystal
where the tetrahedra are rotated at a CW fashion and
over regions where the tetrahedra are rotated in a
CCW fashion. A model of this composite crystal with
both senses of rotation present can be seen in Figure
2. Note that at the lower left-hand corner the ditri-
gonal rings are oppositely oriented relative to those in
the upper right-hand corner of the figure. The two
opposing senses of rotation are produced, in this
schematic il lustration, by a.structural "fault" cen-
tered along the line AA'. Away from this line the
structure is locally ordered (into the ideal kalsilite
arrangement), and thus the composite P6smc crystal
is proposed to consist of domains of kalsilite struc-
ture separated by domain boundaries at which the
sense of tetrahedral rotation is reversed. The orienta-
tion of these small domains is related by the oper-
ation of a mirror plane perpendicular to c, producing
an overall P6rmc symmetry. Although the domains
may therefore be considered in a twin relationship,
the sizes of the domains are evidently small enough
that the structure factors combine vectorially (which,
in the case of hhl reflections, means cancellation).

The actual boundary structure shown is only hy-
pothesized. It is plausible in that it produces the
requisite ditrigonal ring reversal with a minimal dis-
turbance of the polyhedral connectivity. A similar
reversal structure has in fact been found to occur in
the structure of meteoritic low-tridymite (Dollase and
Baur, 1976).  Other domain boundary or iehtat ions
and configurations are of course possible. In particu-
lar, a simple, low-energy domain boundary should
occur parallel to (00. 1). In this case the normal alter-
nation of layers would be interrupted, producing two
successive layers having the same sense of rotation,
i.e. the 6-membered ditrigonaf rings would super-
impose in a (00.1) projection. The diffuse streaking
along c* observed in the diffraction patterns suggests
that the normal two-layer periodicity along c is much
more frequently interrupted than the periodicity of
the structure perpendicular to c.

It seems probable that the disordering is a result of
pseudosymmetry of the precursor nepheline struc-
ture. In nepheline the six-membered rings, although
not ditrigonal, have a near-identical configuration in
successive layers, giving rise to strong P6"/m pseu-
dosymmetry (Dollase, 1970). Reorganization of the
nepheline structure to kalsilite can be accomplished
by simple rotation of the tetrahedra (all clockwise in
one layer and all counterclockwise in the next layer)
starting from the "neutral" ;repheline configuration.
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Table 2. Observed and calculated structure factors.
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t = 0
r54 166

1169 1116
p 3 5  2 9 7
7 6 2  8 0 5

lr75 1206
209 151

99 100
502 511

134 81
9 3  2 5

253 224
178 165

8 5  3 1
398 405

3 7 7  3 7 6
9 4  6 l
4 9  1

0 3 9
208 209

= 1 0
393 393
L 2  3 0

447 449
0  4 l

8 2  2 4
3 7 0  3 3 0
3 1 0  3 1 1

83 38
3 3  3 3

L95 203
0 3 8

252 26r
4 4  3 4
2 4  5 3
30 19

0 4 5

L = 3

356 375
350 358

35 28
297 304
2 7 0  2 7 6
294 286
4 1  2 3

2 2 3  2 2 7
r 1 5  r 7 9
2 2 7  2 3 7
220 2t5

3 0  1 5
t17 r45

7 0  6 2
L46 L62
1 3 5  r 4 1

lr75
203
3 5 3
4 2 4
2 0 1
242
520
9 6

240
1 8 7
72r
t72

7 3
8 6
4 7

264
9 9

1 6 6
1 3 1
r28

5 5
7 7

1 0 7

5 1 9  5 0 6
355 364
284 292

1 9  3 3
206 214
r52 160
1 7 1  2 0 6

3 2  2 5
L32 111
1 1 8  1 0 4
r43 r25
1 1 0  1 0 2

6 7  1 5
5 2  6 8
7 9  6 7
9 3  8 3
5 4  7 l

I I 5  8 6
3 2  4 2

596 592
504 524
142 461

4 1  2 l
3 5 0  3 5 6
2 9 6  3 0 1
31r 313
4 1  1 9

23r 232
1 6 0  1 6 0
24r 246
2 2 3  2 1 8

4 1  1 3
r34 r21

3 6  5 4
165 r45

0 6
1 6

613 62r
a 2 l  8 2 1
299 307
5 3 0  5 r r
r 3 0  5 1
2r4 240
sr9 507
2L8 214

6 1  8 1
405 40J

3 8  3 6
330 32r
2 2 8  2 2 2

3 5  1 8
r23 108
259 262
100 r20

9 0  9 1
7 9  6 5

230 23r
115 r42

L

0 4 7 3  4 9 2
126 r24
7 3 8  7 5 4

5 5  5 7
6 8  7 0

4 5 8  4 8 0
395 405
1 5 0  1 1 4

6 6  2 4
278 27r
6 7  8 1

369 370
1 1 6  8 3

4 2  4 5
L79 L92

4 5  7 0
4 5  5 4

167 r79
2L7 222
100 65

4 1  2 4
5 9  4 4
4 5  1 0

0  3 9
4 3  3 r
2 T  4 T

o 3 2

0 l
1 l
0 g

5
5
5
5
6
6

0
1
2
3
0
1
2
3
0
1
2

IL7 9
202
4 1 5
419
2 2 7
2 7 8
505
r39
230
201
t2L
183
104
r 0 1

0
2 6 6
104
1 5 1
r26
145

6 7
9 9

123

For any one layer it is arbitrary whether its tetra-
hedra rotate in one sense or the other, although if the
adjoining regions are already rotated it is likely that
the rotation wil l be in the appropriate sense to con-
tinue the kalsil i te arrangement.

During alkali exchange, nucleation of kalsil i te-l ike
regions probably occurs in many different locations
within the crystal. As exchange proceeds, a domain
would grow outward unti l i t merged with another
domain having the same tetrahedral rotation se-
quence. or unti l i t encountered a domain with the
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opposite sequence, thereby forming an out-of-phase
domain boundary.
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