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The solid-solution series, high-(Na, _,,Li,)SiO3, 0:86 < x <1-02, has an orthorhombic subcell similar to
the unit cells of Na,SiO; and Li,SiO; but with a one-dimensional long-period superstructure. The
ratio K = dgypercen dsubcen Varies linearly with composition and integral x values occur at simple Na:Li
ratios: k=6 for I1Na:1Li (x=1-00) and k=5 for 5Na:4Li (x =0-89). Possible origins of the superstructure

are discussed.

1. Introduction

During a study of the phase equilibria in the system
Na,Si0;3-Li,Si0;, a phase named high-(Na, Li),SiO4
was encountered which apparently has a one-dimen-
sional, long superstructure (West, 1976). This phase
has a subcell similar to the unit cells of Na,SiO; and
Li,SiOj; (orthorhombic, space group Cem2,) but with
extra X-ray reflexions on a* such that agpercen=
6asubeen- Since simple Na/Li ordering would not nor-
mally be expected to give such a long-period super-
structure, further study of this phase was felt to be
worthwhile.

The phase diagram of the Na,SiO3-Li,SiO; system
is known (West, 1976). Both Li,SiO; and Na,SiO,
form a range of equilibrium solid solutions (s.s.), and
the Na,SiOj; solid solutions are particularly extensive
at solidus temperatures, covering just over half of the
diagram at about 850°C. Although the equilibrium
phase diagram is simple, complexities arise during
cooling of the Na,SiOj solid solutions; they are as-
sociated with the occurrence of metastable phases and
reactions. In the region of interest to this paper, around
the 1:1 composition (Na,Li),SiO5, the Na,SiOj; s.s.
phase is stable only above about 810°C; at all tem-

peratures below this, two phases coexist at equili-
brium. However, single-phase products may be re-
tained metastably to room temperature by quenching
from above 810°C. With rapid quenching (~1 s;
samples dropped into Hg), the high-(Na,Li),SiO;
phase forms; this phase is apparently similar to the
high-temperature Na,SiO; s.s., but in addition has
an X-ray superstructure. With somewhat slower cool-
ing rates (~20 s; samples cooled in air), low-
(Na, Li1),Si0; forms: this phase is a monoclinic distor-
tion of the orthorhombic high-temperature solid so-
lution and does not have a superstructure. High-
(Na,Li),SiO3 may be converted to low-(Na, Li),SiO;
by annealing at 400-500°C and low-(Na, Li),SiO; may
be decomposed into the equilibrium, low-tempera-
ture assemblage, (Na,SiO; s.s. + Li,SiO; s.s.), by
heating at 600-700°C.

2. Experimental

Bulk preparations (about 10 g) of metasilicate com-
positions were prepared by reaction in Pt crucibles
in electric muffle furnaces of appropriate quantities
of Na,CO3, Li,CO; (both reagent grade) and SiO,
(crushed natural quartz crystal), initially at about
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600°C for 24 h to drive off CO, and finally at 800—
850°C for 1-2 d. Completeness of reaction was checked
by X-ray powder diffraction (Guinier method). The
desired phase, high-(Na,_,,Li,)SiO; solid solution,
could only be prepared in small quantities. Small
samples (~ 50 mg), wrapped in Pt foil, were suspended
in conventional, vertical-tube quench furnaces at tem-
peratures (820-840°C) such that the samples were
within the single phase Na,SiO; s.s. field for 1-5 days.
This length of time was necessary to obtain single
crystals of sufficient size for X-ray work. The samples
were then cooled rapidly to room temperature by
dropping them into a dish of Hg.

Single-crystal X-ray photographs were taken with
a Stoe ‘Reciprocal Lattice Explorer’. Generally, the
crystals were mounted about ¢ (i.e. rotation axis
parallel to lath axis) and hkO and hk1 layer De Jong
Bouman photographs taken. Distances on the photo-
graph (in reciprocal space) could be converted to real-
space distances with the formula x=MA4/d, where x
is the real distance (A), d the reciprocal distance (mm),
M the camera constant (60) and A the X-ray wave-
length (Cu Ka=1:5418 A). In order to determine ac-
curately the relative values of agpercenn aNd Ggubcents @
travelling microscope was used to measure the separa-
tions of pairs of satellites and pairs of main reflexions
on the same photograph.

3. Results

3.1. Formation of high-(Na,Li),SiO; solid solution

This phase was readily detected on Guinier photo-
graphs since some of the superstructure reflexions are
sufficiently strong to appear as powder lines. By rap-
idly quenching Na,SiOj; solid solutions from 820-
840°C, high~(Na, Li),SiO; solid solution was the only
product over the composition range 43-51 mol %
Li,SiO;. Outside this range, either (a) cooling rates
were too slow to prevent the formation of low-
(Na,Li),SiO; s.s. (51-54%, Li,SiO3) or (b) a mixture
of Na,SiOj; s.s. derivative phases formed during cool-
ing (£43% Li,Si03).

3.2. Single-crystal studies: supercell periodicities

Single crystals of high-(Na, _ ,, Li,)SiO; were studied
for x=090, 096 and 1-00. Satellite reflexions were ob-
served for all three compositions and the general dis-
tribution of satellite intensity was the same for each.
However, the positions of the satellites relative to the
main (subcell) reflexions varied with composition. For
x=1-0, the satellites can be regarded as forming a
simple supercell with a=6dg,peen, and it was possible
to index the powder data with this supercell (West,
1976). For other compositions, the separations of
satellites and main reflexions are not rationally related,
and it is necessary to introduce a fourth parameter,
m, in order to index the satellites. The satellites lie on
rows which pass through the main reflexions parallel
to a* (Fig. la). They are indexed: hkl,m, where hkl
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are the subcell indices of the nearest main reflexion
and m is the order of the satellites and can have values
+1,+2---. The periodicity of the supercell is deter-
mined from the separation of adjacent reflexions
hkl,m+1.

Although absolute values of subcell and supercell
periodicities can be measured, a more useful parameter
for present purposes is the ratio of the periodicities
K = dsypercell/dsubcen- Lhis is because unit-cell param-
eters will usually change with composition if the sub-
stituent atoms are of different size to those being re-
placed. Such size effects will be eliminated in deter-
mining x values since the percentage change in subcell
and supercell lattice parameters should be the same.
Also, the dependence (or independence) of k on tem-
perature should be free from changes due to normal
thermal expansion.

Results are given in Fig. 1(b) for the variation of «
with composition for high-(Na, Li),Si0; s.s. Within ex-
perimental error, the points fall on a straight line.
For integral values of k, the composition corresponds
to a simple Na:Li ratio, i.e. 1:1 for k=6 and 5:4 for
Kk =5 (extrapolated).

The variation in the d spacing of some high-
(Na,Li),SiO; s.s. reflexions with changing composi-
tion is shown in Fig. 2. The straight-line plots, and
also those for reflexions not shown, such as 002 and
020, are further evidence [less accurate, but more data
points than in Fig. 1(b)] that « is linearly composition
dependent. With precession photographs, a simple and
accurate method of determining x values existed
which avoided the determination of absolute lattice

100 1002 2002 200

Ha*

100, 2001 2001

MOLE %,Lj,SiO;
__ﬁ
1NasiLi

5Na4Li
®)
Fig. 1. (@) Method of indexing of satellite reflexions. (b) Variation

of supercell periodicity (as a multiple of dgupcen), ¥, With composi-
tion.
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constants. No such simple method could be used on
the powder patterns, mainly because of the absence
of suitably indexed lines (only a few superstructure
reflexions were sufficiently strong to appear on the
powder pattern).

3.3. Satellite intensities

The general pattern of intensity distribution for
both subcell and supercell reflexions was the same for
all compositions studied. Composition x=10 was
most studied and the satellites for this will be described
(Fig. 3).

(1) For a given hkl, satellite intensities usually de-
crease rapidly with increasing m. Notable exceptions
are 040,3 and 040,3 which are fairly strong and much
stronger than 040,2 and 040,2; second and third order
satellites are usually present but are normally observed
only on grossly over-exposed photographs. From the
rotation photograph about a (Fig. 3a), it is estimated
that the satellites comprise 30+ 10% of the total spot
intensity; approximately 19 of the satellite intensity
is in the higher order (m=2,3) reflexions. (ii) There is
no systematic relation between the intensity of the
main spots and that of the satellites. The satellites are
usually much weaker, but several exceptions occur,
e.g. 040 is very weak but 040,1 and 040, T are quite
strong. (iii) There is no systematic dependence of
satellite intensity on angle 26. (iv) For a given hkl,
the intensities of corresponding +m and —m pairs
are usually different. Exceptions are satellites about
0k0 and probably 0k1, which are equal because of the
orthorhombic symmetry. (v) For several crystals, the
main reflexions are accompanied by streaks parallel
to a*. The origin of the streaks is thought to be dif-
ferent from that of the satellites and their occurrence
appears to be specifically associated with the thermal
history of the sample: rapidly quenched samples are
relatively free from streaks whereas samples which
have been cooled more slowly show considerable
streaking (see also below). However, satellite intensi-

3~250T J
3.225) {1111) o -
3.200¢+ E
3.450[ 11)
3.425¢+ O\O\OA\N 4
d (A - S

2.875 (200)
2-850 M

56 54 52 50 48

MOLE % Nc125i03

Fig. 2. Variation of d spacing with composition of subcell 111,
200 and supercell 111,1 reflexions. For the special composition
50% Na,SiO; (x=1), where k=6, all reflexions can be indexed
on the supercell with ag, percen = 6@sypeen- The three reflexions above
then become 611, 12,0,0 and 711, respectively.

ties are dependent only on the amount of the high-
(Na,Li),SiO; phase and, in this sense, are independent
of the cooling rate. (vi) The subcell of high-
(Na, Li),Si03, as well as the unit cells of Li,SiO; and
Na,SiO;, has space group Ccm2,. However, the pre-
sence of satellites destroys much of the symmetry. The
space group of high-(Na,Li),SiO; with x=1 and k=6
is uncertain. Determination of systematic absences
requires grossly over-exposed photographs. It seems
fairly certain that both the C centring and the ¢ glide
are destroyed, leaving an a glide (h0l: h=2n) and pos-
sibly a 2, screw axis (00/: [ =2n), although insufficient
reciprocal space was seen on precession photographs
with Cu Ka radiation to be sure of the latter. None
of the conventional orthorhombic space groups pos-
sesses both these sets of absences. Possible space
groups, excluding the screw axis, are Pmam, Pma?2 or
P2,am.}

3.4. Temperature and time dependence of k

It is concluded that, for a given composition, x is
independent of both temperature and annealing time.
(i) No precession photographs were taken at high
temperatures, but several crystals of composition x =1,
which had been cooled at somewhat different rates,
were studied and for all of them x=6. (Some of these
crystals showed considerable streaking and others
were almost frec from streaks.) (ii) If x were temperature
dependent, it would be a remarkable coincidence that,
for x=1, x should be integral at room temperature.

4. Discussion

Origin of the satellite reflexions

The origin of the satellites and the cause of the super-
structure is at present unknown but some general ob-
servations can be made and certain possible causes
can be eliminated.

(1) The satellites are not caused by phase separa-
tion within the single crystal, ie. they are not the
‘Bragg side-bands’ characteristic of spinodal decom-
position and which are caused by a periodic distribu-
tion in lattice parameter and/or scattering factor
through the crystals (Daniel & Lipson, 1943, 1944
Hargreaves, 1951.) This is shown by (1) the inde-
pendence of x of temperature and annealing time and
(ii) the formation of single-phase, low-(Na, Li),SiO; on
continued annealing of high-(Na,Li),SiO; at ~400-
500°C: spinodal decomposition would not yield a
single-phase product of the same composition as the
starting material.

(2) The satellites are probably not caused by inci-
pient inversion phenomena associated with the or-
thorhombic, high-(Na,Li),SiO; — monoclinic, low-
(Na,Li),Si0; transition such as observed in the
feldspar adularia, KAISi;Og (McConnell, 1965, 1971).

1 In the original report (West, 1976), the presence of the a glide
was overlooked and the space group given erroneously as P222,.
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(a)

(200.2)

(b)

Fig. 3. (@) X-ray rotation photograph about a, showing the net distribution of subcell and satellite intensity. Five subcell layer
lines are shown: 2k/ to 2kl. About each, first-order satellite lines can be seen (m= +1). Higher-order satellites are present
but are generally very weak. (h) One quadrant of a hk0 precession photograph. The rectangular net forms the subcell lattice.
Note that only subcell reflexions with i+ k=2n are observed because of the C-centring. Satellite spots are circled; spot sizes
are very rough estimates of the intensity and are intended mainly to show the variation of intensity with m for a given hkl.
The general intensity of satellites is thus somewhat exaggerated. C is the centre of the film.

[To face p. 410
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The occurrence of higher-order satellites, although
very weak, and the systematic dependence of x on
composition are more in keeping with a true super-
structure than with a periodic lattice distortion. How-
ever, it is possible that the streaks, observed through
the main reflexions in some specimens, are caused by
symmetry constraints acting to prevent completion of
the orthorhombic —  monoclinic transition
(McConnell, 1971). Crystals which have been annealed
to yield low-(Na, Li),SiO; are invariably twinned with
the bc plane as the twinning planet (West, 1976). The
twinning shows up on precession photographs as the
doubling of spots along a* and so the streaks, which
are also observed along a* in high-(Na,Li),SiO3,
could be interpreted as due to very fine scale, partial-
inversion phenomena which have been constrained by
the orthorhombic symmetry of the original crystal.

(3) The satellites are not solely due to the presence
of anti phase domains. In systems which exhibit anti-
phase phenomena, e.g. CuAu (Johannson & Linde,
1936; Ogawa & Watanabe, 1954; Glossop & Pashley,
1959) and plagioclase feldspar (McConnell & Fleet,
1963), satellites are observed around the superlattice
positions. In the present case, the satellites are the
superlattice — there is no further splitting of the super-
lattice spots. It is still, of course, possible that the
structure of high-(Na, Li),SiO; may be describable as
a domain structure, but if so, the satellites are caused
by the nature of the ordering and not by the domain
texture.

(4) The satellites are probably caused by long-range
ordering of Li and Na. This is supported particularly
by the composition dependence of x and the occur-
rence of integral x values at simple Na:Li ratios. The
nature of the ordering can only be guessed at present.
It could be similar to the Fe atom/vacancy ordering
found in the intermediate pyrrhotites in which filled
Fe layers alternate with partly filled Fe layers (Toko-

+ The correct unit cell of low~(Na,Li),SiO; is primitive mono-
clinic, space group either P2, or P2,/m (West, 1976). However, a
larger C-centred cell (with ¢ unique) exists which is a slight distor-
tion (y=91-5°) of the orthorhombic subcell of high-(Na,Li),SiO3.
Systematic absences for this cell are hkl: h+k=2n+1;00l: 1=2n+1.
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nami, Nishiguchi & Morimoto, 1972). In the present
case, alkali ion layers may exist perpendicular to a*
with perhaps Na layers, Li layers and mixed Na/Li
layers. Satellites were observed about the h00 subcell
reflexions and so, in addition to the ordering of Na
and Li, some atomic displacements along a* must also
occur.

(5) From the temperature independence of «, the
Na/Li ordering is more likely to be of square-wave
character than sinusoidal. Materials with temperature-
dependent periodicities usually have sinusoidal types
of superstructure, e.g. Na,COj; (van Aalst, den Hol-
lander, Peterse & de Wolff, 1976), K,MoQO, (van den
Berg, Tuinstra & Warczewski, 1973) and NaNO,
(Hoshino & Motegi, 1967).

Further insight into the superstructure of high-
(Na,Li),SiO5; must await the results of a full crystal
structure determination, which it is hoped to carry
out soon.
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