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Auszug

LiAlSi,04-II (f-Spodumen) hat die Raumgruppe P442,2 (oder P4,2,2) und
die Gitterkonstanten a = 7,541 4+ 0,001, ¢ = 9,156 4 0,002 A; es ist Z =4,
Dhpeop. = 2,365 und D, = 2,374 g/cm3. Fir R wurde als Endwert 6,29/, erreicht.
Die Struktur beruht auf einem Alumosilikat-Geriist, das isotyp mit Keatit ist.
Si- und Al-Atome sind ungeordnet verteilt; jedes Li-Atom ist von vier Sauer-
stoffatomen umgeben. Die Struktur wird beherrscht von miteinander ver-
kniipften Fiinferringen von (Si,Al)-Tetraedern. Alle Finferringe liegen an-
nidhernd parallel (010) oder (100), wodurch Kanile gebildet werden &hnlich
denen der Zeolithe. Die Fahigkeit von LiAlSi,04-I1, Jonen auszutauschen, 148t
sich durch das Vorhandensein der Kanile erkldren. Die vier Li-Atome einer
Zelle sind auf die Punkte eines 8-zdhligen Komplexes allgemeiner Lage verteilt.
Es wird eine Erklarung fiir die ungewohnlich geringe Wérmeausdehnung von
LiAlSi1,04-IT gegeben.

Abstract

LiAlSi,04-I1 (“‘f spodumene’) was found to be tetragonal, space group
P4,2,2 (or P4,2,2),a = 7.541 - 0.001,¢ = 9.156 -~ 0.002 A, Z = 4, D, = 2.365
and D, = 2.374 g/cm3. The bond lengths were determined with an accuracy of
0.006 A for (Si,Al)—O bonds and 0.041 A for Li—O bonds. The final R value
was 6.2°/,. The structure consists of a three-dimensional aluminosilicate frame-
work. The framework was confirmed to be isotypic with keatite. The Li atoms
were found to be coordinated to four oxygen atoms. The distribution of Siand Al
in the tetrahedra is random. The structure is dominated by interlocking 5-mem-
bered rings of (Si,Al) tetrahedra. All the five-membered rings run approximately
parallel to either (010) or (100), and thus help to create zeolite-like channels.
These channels account for the ion-exchange properties of LiAlSi,O4-IT. Lithium
atoms are stuffed in interstitial positions but occupy a general eight-fold site.
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The four lithium atoms per unit cell are distributed among four sets of paired
sites of the eight-fold positions. An explanation for the unusually low thermal
expansion behavior of LiAlSi,O4-II is given.

Introduection

Spodumene is the only naturally occurring polymorph of LiAlISi, Oy
and is the stable low-temperature form. In some work on this com-
pound this phase has been called &« spodumene while the high-tem-
perature tetragonal modification is called § spodumene. MELLOR (1925)
reviewed the early literature on these phases. A third high-temperature
form, which is a stuffed derivative of 8 quartz, is now widely known
as y spodumene. All three polymorphs of LiAlSi,O, are related by
reconstructive transformations. The prefixes «, § and y to the mineral
name spodumene imply that displacive transformations relate these
phases, however. We therefore propose that the phases be referred
to as LiAlSi,O4I (monoclinie, low-temperature form), LiAlSi,O4-I1
{high-temperature, tetragonal form) and LiAlSi,O4III (hexagonal,
stuffed derivative of f quartz). This nomenclature is consistent with
the known structural relations, and may be readily applied to other
members of those solid-solutions series of which these phases are
members.

In many low-expansion lithium-bearing glass and ceramic mate-
rials, LiAlSi,O4I1 is found to be the principal crystalline phase.
Phase equilibrium studies of LiAlSi,O4II were made by Hatcm
(1943), Roy, Roy and OsBoRN (1950), and SKINNER and EvaNs (1960).
However, there were some conflicting reports in the preliminary study
of the LiAlISi,O4-II structure. SKINNER and Evawxs (1960) reported
that it was tetragonal and was isotypic with keatite, while SAALFELD
(1961) indicated that it was orthorhombic and had a structure similar
tothat of high or § quartz. Thus, a complete crystal-structure analysis
of LiAlSi,04-11 seemed necessary in order to clarify the controversy
over structural relations and to explain the unusually low thermal-
expansion behavior.

Experimental

The crystals were grown from the glass melt as follows: Glass of
composition Li,0—Al,0,—4Si0, was heated to above the liquidus
(1425°C) in a platinum crucible. The temperature was reduced and
held at about 25° to 50°C below the liquidus to allow crystals to
grow. The glass melt was nucleated by gently touching the surface
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with a platinum rod. Then the whole platinum crucible was put into
a water bath to quench it rapidly to room temperature. Most of the
glass crystallized. About one gram of crystals was isolated with the
help of a polarizing microscope for a chemical analysis. The analysis
showed that the chemical composition of the crystals was 0.98
Li,0—Al,0,—4Si0, which is close to a 1-1-4 mole ratio. Most of the
crystals showed sharp extinction when examined under a polarizing
microscope. Several single crystals were selected and analyzed using
a Weissenberg camera. The lattice constants were precisely deter-
mined by using powder-diffractometer data with silicon as internal
standard, and refined by the least-squares program LCLSQ written
by BurNHAM (1962). The refined lattice parameters obtained thereby,
plus some other constants are as follows:

Space group: P4,2,2 (or its enantiomorph P4,2,2)
a = 17.541 4+ 0.001, ¢ = 9.156 4+ 0.002 A

Z = 4 for LiAlSi, O,

D, = 2.365, D, = 2.374 g/cm?®

u = 74.02 cm! for CuK« radiation.

A tiny crystal, approximately a parallelepiped with dimensions
1.39 x .85 X .46 x 10-3 mm3, mounted on the a axis, was used to
collect the intensity data. The intensities were measured with a ma-
nually operated Supper diffractometer (equi-inclination Weissenberg)
with a scintillation counter and CuK« radiation. The associated
electronics were standard Norelco equipment and included pulse-
height analysis circuitry. Both the Akl and kAl reflections were collected
from the zero up to the eighth levels, and the average, after correction
for Lorentz-polarization and absorption factors, was calculated. In
general, Akl data agreed well with khl data except for the pair 201 and
021. Because of the great difference in primary and secondary extine-
tion, this pair was not included in the final refinement. After the
completion of the intensity measurement, a spherical grinder was
made available to us. A very small spherical crystal (dia-
meter = 0.192 mm) mounted on the ¢ axis was used to check the
symmetry of LiAlSi,O4II, especially the relation between the
reflections 201 and 021. The intensity values of 201 and 021 were
equal within the estimated error, as were the rest of the reflection
pairs tested. There were a total of 400 independent reflections, of
which 348, or 879/, were collected. Among the 348 reflections collected,
13 were extinct and 6 unobserved. Since LiAlSi,O4-1I is non-centro-
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symmetric, the structure factors for the unobserved reflections were
taken to be two thirds that of the minimum observed reflection.

The following ionic states were assigned to each element in
LiAlSi,O¢-II: for lithium: Li™!; for oxygen: O-'; and for both
aluminum and silicon: }(28i™2 ++ AIf1). These assignments were
based on the following considerations: (1) The overall charges remain
balanced for LiAlSi,O41I. (2) The bonding in LiAlSi,O4-II was
assumed to be half ionic and half covalent. (3) Since LiAlSi,O-11 was
formed at high temperature and rapidly quenched to room tempera-
ture, silicon and aluminum were assumed to be completely disordered
over the two available equipoints. This was later verified by the
refinement.

Determination and refinement of structure

The F, values in LiAlSi,O4-11 were compared with the correspond-
ing F, values in keatite (SHROPSHIRE et al., 1959). A fairly reasonable
agreement was obtained. Thus, a least-squares refinement on the
positional parameters alone was started by using the atomic positions
from keatite, omitting the Li atoms and assuming complete disorder
for silicon and aluminum. The overall temperature coefficient was
taken to be B = 0.5.

Table 1. Final atom parameters together with those of keatite (in parenthescs)

Atom x Y z
Si(1) 3323 -2 (.326) Jd121 422 (.120) .2384 1-2 (.248)
Si(2) 4178 -3 (.410) (.4178) (.410) (0) (0)
0(1) 4432 + 9 (.445) 1207 -8 (.132) .3931 £ 6 (.400)
0(2) A245 L7 (117) A159 427 (.123) 2994 +- 6 (.296)
0(3) 3637 -9 (.344) 3046 -9 (.297) 1459 -7 (.143)
Li 0705 1= 54 .1953 4 62 5011 4- 45

Table 2. Isotropic temperature factors and atom parameters at the end of isotropic

refinement
Atom z Y z B
Si(1) 3324 -3 1221 4-3 .2384 1 3 .26 - .03
5i(2) 4182 43 (.4182) (0) .23 I- .04
0(1) 4436 - 10 .1190 - 9 3926 7 1.50 4- .10
0(2) 1254 1+ 8 1154 - 8 2999 4= 7 1.08 J- .09
0(3) 3628 - 9 .3024 - 10 .1454 4- 8 2.01 £ .11
Li .0644 1- 38 .1880 - 38 4964 - 31 1.79 4 .37

Z. Kristallogr, Bd. 126, 1-3
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Table 3. Final anisotropic temperature factors*®
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** An equivalent isotropic temperature factor defined by HamMiLToN (1959).

* By symmetry, fp = 11, and 3 = — fi; for Si,.

Refinement of the structure was
carried out on the IBM 7090 using
the SFLSQ2 least-squares program of
PrewirT (1962). A modified weight-
ing scheme of HucHES (1941) was
used, namely, (W)/2=1/F (1 + 30p),
where o is the relative probable
error of # . All the reflections meas-
ured were used except for those in-
tensities which were zero as required
by symmetry.

The refinement converged at
R = 14.9°/,. Three-dimensional dif-
ference and electron-density syntheses
were then computed. The difference
synthesis failed to show the Li atom
unambiguously since several pos-
sible Li peaks were found. These
included the correct Li location
later determined, and one of four
possible Li positions predicted from
geometrical considerations by SKIN-
¥ER and Evans (1960). This Li po-
sition predicted by SKINNER and
Evaxs also happened to show up
as a very small peak in the electron-
density synthesis. A test on this and
the three other possible Li positions
of SKINNER arid EvANS was made,
but the R value increased slightly
for all four cases. When one cycle of
isotropic refinement was carried out,
the temperature factor of Li in-
creased from 0.5 to 3.06. Further
attempts to locate the Li atom were,
therefore, made. The Li was ex-
cluded from the refinement while
the isotropic temperature factors as
well as the positional parameters
of the rest of the atoms were re-



The crystal structure of LiAlSi»O¢-II (*“f spodumene’) 51

fined. The weighting scheme recommended by CRUICKSHANK (1965)
was used. The 021 reflection was excluded from the refinement because
of the primary and secondary extinction. The R value dropped to
8.9%/,. Both the difference and electron-density syntheses were again
computed. The correct Li position was located unambiguously from
the difference synthesis, which was featureless except for the Li peaks.
This correct Li position also showed up as a small peak in the electron-
density synthesis, but the peak height was of the order of magnitude
of the background fluctuation. The R value dropped from 8.9 to 8.49/,
when the correct Li position was introduced and refined on the positional
parameters alone. Both isotropic and anisotropic refinements were sub-
sequently carried out. The isotropic temperature factor of Li was 1.78.
The final R value was 6.2°/, at the completion of anisotropic refinement.

A comparison of final F, and F revealed that several reflections
were affected by the primary and secondary extinctions. The 040
reflection was found to be affected most, other than the 021 reflection.
Practically no change of the final results could be found on one more

Table 4. Thermal motion data

Princioal | Root Direction cosines of the principal
rincipa. 00t mean square . t f th tal
Atom| s o mal axes| displacement | [0 YZ SYSLOM OF BRO CTYSIAL
& B \ 4

Si(1) 1 013 -+ .034 A .199 —.301 .932

2 .061 4 .007 .926 — 254 — 281

3 .064 - .007 —.321 —.919 — 228
8i(2) 1 .022 - .026 —.384 .384 .840

2 .049 + .012 707 .707 .0

3 .074 + .009 .593 — .593 .543
o{1) 1 073 +.017 .555 —.061 .830

2 .153 4-.011 .294 .919 .262

3 .206 - .010 —.779 .389 —.492
0(2) 1 090 + .013 | .061 —.151 .987

2 003 & .014 | .992 —.099 —.077

3 154 +.011 | —.110 —.984 —.144
0(3) 1 112 + 014 272 .690 670

2 .169 + .012 .652 —.645 .399

3 220 + .011 —.707 —.329 .627
Li 1 .128 -+ .068 .049 — 483 .874

2 160 £.055 | .82t 517 240

3 .346 + .059 | .568 — 706 —.421

4%
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Table b. Observed and calculated structure factors
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Table 5. (Continued)

bkl F, 0.1818|Fc| A, B, Rkl F, 041318|FCI % B, hkl F, °’1B‘EIFc| A, B,
465  9.52 10.09 - 55.43 2.70 560 20.3% 19.80 -108.88 9.00 554 27.51 27.88 153.37 0.00
7 13.h4 12.18 - 65.27 - 15.08 7 9.32 10.01 55.07 0.00 6 13.84 13.60 - 73.47 - 14.03
446 11.59 10.76 =~ 59.18 0.00 551 21.87 21.12 0,00 116.47 555  5.89 5.60 0.00  30.82
5 13.90 14.2% - 71.89 31.08 6 15.37 15.10 - 57.90 - 59.55 6 15.22 15.51 - 66.57 - 53.38
6 12,06 12.48 - 63.37  26.38 7 14.97 15.55 - 46.26 - 71.96 556  5.81 6.22  34.2t 0.00
447 0.98 0.62 0,00 3.3 552 19.05 18.41  101.2% 0.00 557  5.39 5,41 0.00 29,78
5 9.10  7.50 - 26.03 - 32.00 6 9.39 10,10 - 22,24 - 50.92 660 12,02 11,99 65.97 0.00
3 8.03 7.77 18.73  38.42 7 9.49  9.72  42.18 - 32,85 661 12,84 14.53 0.00  79.93
448  5.90  4.92  27.07 0.00 553 B.45 9.39 0.00 5164 662  5.95 4.88 26,82 0.00
5 13.79 13.84 72,03 24.67 6 16.39 17.14  9L.23 - 2,22 66 3 18,41 20.02 0.00 110,12
550 30,02 28.85 158.72 6.00 7 12,67 12.23 28,50 - 60.9% 664  9.48 9,82 5401 0.00

cycle of anisotropic refinement with the 040 reflection being excluded.
The final positional parameters for all atoms, together with those
for keatite, are listed in Table 1. The final isotropic temperature
factors and the atom parameters at the end of isotropic refinement
are listed in Table 2. The individual anisotropic temperature factors
are listed in Table 3, the thermal-motion data are listed in Table 4,
and the observed and calculated structure factors are listed in Table 5.

Discussion of the structure
The bond distances, angles, and their standard deviations were
computed with Busing, MARTIN and LEevY’s function-and-error
program (1964). The results are listed in Tables 6 and 7. The pro-
jections of the structure on (001) and (100) are shown in Figs. 1 and 2.
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Fig.1. The projection of LiAlS1,04-IT down the ¢ axis
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Fig. 2. The projection of LiAlSi,O4-II down the a axis

The (8i,Al) tetrahedra

The structure consists of a three-dimensional aluminosilicate
framework. The distribution of 8i and Al in the tetrahedra is random.
There are two symmetry-independent (Si,Al) tetrahedra. The Si(1)
atom is in the general equipoint of rank 8, while the 8i(2) atom is
on a two-fold axis and occupies an equipoint of rank 4. The average
Si(1)—0 bond distance is 1.647 A and the average Si(2)—O bond
distance is 1.640 A. The overall average of (Si,Al)—0 bond distances
is 1.643 A. According to Smrra and BAmLEY (1963), the average
(Si,A1)—O bond distance for a site containing Al + % Si is 1.655 A,
as compared with our value of 1.643 A. Whether the high-temperature
nature of LiAlSi,O¢-II is responsible for the deviation remains to
be seen. The Si(2) tetrahedron shares vertices with four Si(1) tetra-
hedra, while the Si(1) tetrahedron shares vertices with two Si(2) and
two Si(1) tetrahedra. According to the aluminum avoidance rule
(LOEWENSTEIN, 1954; GorpsmitE and Laves, 1955), the Si(2)
tetrahedron would become Al rich if a partial ordering of Al and
Si occurs.
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Table 6. Interatomic distances in LiAlSi,04-11
Atom pair Distance Stal}da.mrd Atom pair Distance Stal}de}rd
deviation deviation
{a) Si(1) tetrahedron Li(1)—0(3,) 2.269A  .043 A
0(1,)—0(2 3.7 .00
sl(1 —0(1,) 1.644 A 006 A OE 12;ﬂ8£21; 2 5;3 _002
Si(1,)—0(15) 1.646 -006 O(l)—0@B) 3843 010
Si(1,)—-0(2,) 1.665 005 0@)-0(2)  3.674 011
Si(1,)—0(3,) 1.633 006 02)—0B) 2574 .008
0(11)—0(15) 2.695 005 0@2)—0(3)  3.647 .009
0(1,)—0(2,) 2.552 .008 2 T
0(1;)—0(3,) 2.721 .009 . )
0(1,)—0(2,) 2,798 008 (d) 5-membered ring of (Si, Al)
0(1,)—0(3,) 2.728 011 ‘ tetrahedra
0(2,)—0(3,) 2.694 .008 (i} oxygen-pentagon (nearly
coplanar)
(b) Si(2) tetrahedron 0O(1,)—0(3,) 2.721 .009
0(3,)—0(2 2.725 .008
8i(2,)—0(25) 1.643 .005 0523;~0§36; 2,694 008
8i(2,)—0(2,) 1.643 .005 0(3‘*)_0(3“) 2746 013
$i(2,)—0(3,) 1.637 .006 0(3“ —0(1y) 9798 011
8i(2,)—0(3,) 1.637 .006 8
0(2,)—0(2,) 2.719 010 (ii) Si pentagon (not coplanar)
0(2;)-0(3,) 2.574 .008 Si(1,)—Si(1,)  3.183 .002
0(2;)—0(3,) 2.725 -008 Si( )—Si(2;)  3.186 .003
0(26)—0(3,) 2.725 -008 Si(2,)—Si(1,)  3.142 .003
0(25)—0(3,) 2.574 -008 Si(14)—Si(2 3) 3.186 .003
0(3)—0(3,) 2.746 013 Si(24)—Si(1, 3.186 .003
{¢) Lithium tetrahedron (e) closest distance between Li and
i, Al
Li(1,)—O(1,) 2.139 038 (81, AD
Li{1,)—0(2y) 1.984 .035 Li(1,)—Si(1,)  2.628 .037
Li{1,)~0(2,) 1.933 .048 Li(1,)—Si(2,)  2.710 .040

Table 7. Interatomic angles in LiAlSi,04-11

Atoms Angle Standard deviation

(@) Si(1) tetrahedron

0(1,)—Si(1,)—O(1;) 110.0° 4°

0(1,) —Sl( 1—0(2,) 100.9 .3
0(1,)—Si(1,)—0(3,) 112.2 4
0(1,;)—Si(1,)—0(2y) 111.0 .3

0(1;) Sl(l) 0(3 112.6 4

02 ) Si(1,)—0(3,) 109.5 .3

average 109.4 3
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Table 7. (Continued)

Atoms Angle Standard deviation
(b) Si(2) tetrahedron
0(2;)—8i(2,)—0(2,) 111.6 4
0(2;)—8i(2,)—0(3,) 103.4 .3
0(25)—Si(2,)—0(3,) 112.4 3
0(24)—81(2,)—0(3,) 112.4 3
0(24)—8i(2,)—0(3,) 103.4 .3
0(3,)—8i(2,)—0(3,) 114.0 5
average 109.5 4
(¢) Lithium tetrahedron
0(1,)—Li(1,)—0(2)) 130.5 2.1
O(1,)—Li(1;)—0(2,) 77.4 1.3
O(1,)—Li(1,)—0(3;) 121.3 2.3
0(2y)—Li(1;)—0(2,) 139.4 2.8
0(2,)—Li(1,)—0(3,) 74.1 1.4
0(2,)—Li(1,)—0(3;) 120.2 1.7
average 110.5 1.9
(d) 5-membered ring of (Si,Al) tetrahedra
(7) oxygen-pentagon (nearly coplanar)
O(13)—0(3;)—0(2,) 120.0 3
0(3;)—0(24)—0(3,) 91.4 2
0(24)—0(3,)—0(3;) 119.0 2
0(34)—0(3;)—0(1,) 99.2 .3
0(35)—0(15)—0(3,) 101.9 3
average 106.3 2
(#) Si-pentagon (not coplanar)
Si(15)—Si(1,)—8i(2,) 106.16 08
i(1,)—8i(2,)—Si(L,) 96.38 04
Si(2,)—Si(1)—81(2,) 106.93 .08
Si(14)—8i(2,)—Si(15) 100.74 10
8i(24)—8i(1,)—8i(15) 88.05 .04
average 99.65 .07
(e) 8i—O0—=8i
8i(15)—0(15)—Si(1y) 150.7° 5°
Si{1,;)—0(35)—8i(2,) 154.0 .5
8i(2,)—0(24)—Si(1,) 143.6 4
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The (Si,Al) tetrahedra form interconnecting 5-, 7-, and 8-membered
rings. The structure is predominated and essentially made up by
interlocking 5-membered rings. Each 5-membered ring contains two
8i(2) and three Si(1) tetrahedra with alternation of Si(2) and Si(1)
tetrahedra. Each Si(2) tetrahedron contributes to the forming of
three 5-membered rings, while each Si(1) tetrahedron contributes to
the forming of two 5-membered rings. The neighboring 5-membered
rings share one, two, or three common tetrahedra. Within each
5-membered ring the silicon atoms are not coplanar, while the five
bridging oxygens are almost coplanar. All the 5-membered rings run
approximately parallel to either (100) or (010) and thus help to create
the zeolite-like channels. The channels parallel to both the a and b
axes have a free diameter of about 3 A and are appreciably wider
than those parallel to the ¢ axis. Thus, LiAlSi,O,-IT is endowed
with ion-exchange properties. WHITE and McVay (1958) exchanged
Litt for Ht'. According to Zortar’s classification of silicates (1960),
LiAlSi,04-11 is similar to the following silicates: keatite (SHROPSHIRE
et al., 1959), petalite (ZEMANN-HEDLIK et al., 1955; LieBaU, 1961),
mordenite (MEIER, 1961), dachiardite (GoTTarRDI and MEIER, 1963),
and marialite scapolite (PAPIKE and Zorrar, 1965). Hach of them has
a sharing coefficient of 2.0 and 5-membered rings of tetrahedra. It is
interesting to note that they all have approximately the same Si—0—8Si
angles. The comparison is listed in Table 8.

Table 8. A comparison of Si—0—Si angles among similar silicate structures

LiAlSi,0,-11 | K catito| Petalite| LT 1alie | oy qenipe | Dachiar-

scapolite dite
Sharing coeffi- 2.0 2.0 2.0 2.0 2.0 2.0
cients
Repeat-units 5—7-8 5—7—8| 5—6 4—-5—-8 | 4—5—6—8|4—5—6-8
and loops of
tetrahedra

8i—0—Si angles
(1) for oxygens|  143.6° | 149.3°| 149.8°| 138.3° | 146.5° | 142.7°

at general 150.7 155.3 | 153.0 139.0 152.6 146.7
positions 154.0 155.8

(2) for oxygens — — 163.4 156.8 173.6 177.1
at special 166.0

positions
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Lithium coordination

The structure is a stuffed derivative of the keatite structure. The
Li atom is stuffed in an interstitial position but occupies a general
8-fold site. There are only four Li atoms per unit cell. They are dis-
tributed among four sets of paired sites of the 8-fold positions. Each
Li atom occupies either of the two sites in each pair. The distance
between the two sites in each pair is only 1.33 4- 0.10 A, which is
too short, for the Li atoms to occupy both sites simultaneously.
If Li distribution among the eight sites is ordered rather than random,
twinning may occur. At the present time we have no way to tell
whether this kind of twinning exists or not. However, even if the
twinning exists, it does not interfere with the structure analysis. The
x-ray data merely shows that there is half a Li atom at each the 8-fold
positions. It is interesting to note that the center of each pair of sites

Table 9. Irregular lithium octahedron

Atoms Distances Atoms Distances
or angles or angles

Li—O (Li, is at the center of each pair of sites of Li atoms)
Li,—0(1;) 2.54 A | Li,—0(2,) 1.84 A
Li;—O(14) 2.54 Li,—0(3,) 2.65
Li;—0(2;) 1.84 Li;—O0(3,) 2.65
0—O0 (same length for regular octahedron)
0(2,)—0(15) 2.55 A | O(1,)—0(3,) 3.84 A
0(2;)—0(14) 3.74 0(1;)—0(1,) 3.96
0(2;)—0(3,) 2.57 0(3,)—0(3,) 4.02
0(2;)—0(3,) 3.65
O—-Li—0 (90°)
O(14)—Li;—0(24) 116.6° O(14)—Li,—0(3,) 95.5°
0O(14)—Li,—0(24) 69.2 O(14)—Li,—O(1;) 102.4
0—Li—O (90°)
0(2;)—Li;—0(3,) 67.1° 0(25)—Li;—0(3,) 107.1°
0(2;)—Li,—O0(1;) 69.2

0—Li—O (180°)
0(14)—Li,—O(3,) 136.2° | O(2;)—Li;—O(2) 171.6°
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of Li (a special 4-fold site) has distorted octahedral coordination.
The three principal axes of the octahedron are approximately parallel
to the a, b and ¢ axes. The details of the geometry of the distorted
octahedron are reported in Table 9 and illustrated in Fig.3. The Li—O
distances corresponding to the 6-fold site are 1.84 A along the ¢ axis,
and 2.54 and 2.65 A along the @ and b axes. However, Li may occupy
this octahedral position with rise in temperature. As discussed later,
the ¢ axis may expand, and both the @ and b axes contract upon
heating. This would probably adjust the Li—O distances to suit the

parallel fo ¢ axis

——-
R
N
~
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7

0(2)

Ols) e 384
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Fig. 3. The irregular lithium octahedron

6-fold coordination. Besides, not much thermal energy would be
required to move lithium just 0.66 A from the present 4-fold to the
new 6-fold coordination position.

The Li tetrahedron is irregular. The Li—O bond distances range
from 1.933 to 2.269 A with an average of 2.081 - 0.041 A. The
0—Li—O tetrahedral angles range from 74.1° to 139.4° with an
average of 110.5°. The mean Li—O bond distance of 2.10 A is some-
what longer than other accurate tetrahedral Li—O values reported
in the literature. For example, in Li,CO, ZEMANN (1957) reported
a distance of 1.97 A, in LiGaO, and y LiAlO, MarEzIO (1965) reported
1.99 and 2.00 4, and in Li,SO, - H,0 LarsoN (1965) reported 1.95 A,
The average tetrahedral Li—O distance given in International tables
for x-ray crystallography, Vol. ITI (1962) is 1.98 A. The larger-than-
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average value of the Li—O bond distance may be caused by the fact
that Li occupies an interstitial position.

Each Li tetrahedron shares two edges—one with Si(1) and one
with Si(2) tetrahedra. The Si(1) tetrahedron shares only one edge
with one Li tetrahedron, while the Si(2) tetrahedron shares two edges
with two Li tetrahedra. As would be expected, the shared edges are
the shortest for the Li tetrahedron and the (8i,Al) tetrahedra, i.e.,
2.552 and 2.574 A, as shown in italics in Table 6. The short shared
edges permit reasonable (Si,Al)—Li distances of 2.628 and 2.710 4,
which are very close to the minimum Al—Li distance of 2.656 A
reported in y LiAlO, by MarEzio (1965). This edge shortening agrees

Table 10. Additional four-fold tetrahedral sites for lithium

Atoms Distances Atoms Distances
or angles or angles
(1) Special site 1 (0.64, 0.64, 0) (3) Specialsite 3 (0.95, 0.95, 0)
Li,—O(15) | 2.1474 0(2;,)—0(2,) 3.675 A
Li,—0(25) 1.985 0(2,)—0(35) 2.574
O(13)—0(1,) 3.957 0(25)—0(34) 3.647
0(15)—0(25) 2.727 0(3;)—0(35) 4.018
0(1,)—0(2) 3.806 0(2,)—Li;—0(2,) 135.7°
0(25)—0(2) 2.719 0(2,)—Li;—0(3;) 76.2
O(14)—Li,—O(1,) 134.4° 0(2,)—Li;—0(3,) 122.2
O(15)—Li,—0(2;) 82.5 0(35)—Liy—0(3;) 134.2
O(15)—Li;—O(2) 134.1
0(2;)—Li;—0(2¢) 86.4 (4) General site (0.84, 0.49, 0.68)
(2) Special site 2 (0.80, 0.80, 0) Li;—O(1,) 2.248 &
, o5 A Li,—O(1,) 1.981
L}z—O,(23) 2-0 g Li,—0(2,) 2.243
Li,—O(1) ,, 16 Liz—0(3,) 2.204
0(13)—0(1y) 3.957 O(1,)—O(1,) 2.695
0(15)—0(2,) 2.552 —

2o o744 0(1,)—0(2,) 3.877
o( 3)—0(24) 7 O(15)—0(3,) 4.134
0(25)—0(2,) 3.675 0(15)—0(2,) 3.744
O(1,)—Li,—O(1,) 132.3 0(15)—0(3,) 3.843
O(15)—Li;—0(2,) 75.0 0(2,)—0(35) 2.574 .
O(15)—Liz—0(2,) 126.7 O(1,)—Li,—O0(1g) 78.9°
0(2;)—Li;—0(2,) 130.3 O(15)—Liy—0(2,) 179.4

O(1,)—Li,—O(3 136.4

(3) Special site 3 (0.95, 0.95, 0) 0512;—1;—0((23)) 1947
8 4 7 °

Li,—0(2,) 1.984 A 0O(14)—Li,—0(3,) . 1333

Li;—O0(3;) 2.181 0(2,)-Li,—0(3;) | 707
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well with Pavring’s rules (1960). According to Pavriine, this is
evidence that the structure has appreciable ionic character.

Several additional 4-fold tetrahedral sites other than the one
which is occupied by Li are available. These sites include the three
special positions (z = 0.95, 0.80, or 0.64) and one general position
(x =0.85, y = 0.49, z = 0.68). All of them are close to the sites
indicated by SkINNER and Evavs (1960). The Li tetrahedra corre-
sponding to these sites are listed in Table 10. Most of these Li tetrahedra
are similar in geometry. The reasons why Li prefers the present site
to the others are explained as follows: There are three independent
oxygens, i.e., O(1), 0(2), and O(3) and two independent (8i,Al), i.e.,
Si(1) and Si(2). Si(1) is coordinated to two O(1), one O(2), and one
0(3) and Si(2) to two O(2) and two O(3). The Li is coordinated to
two O(2), one O(1), and one O(3). Thus, all three independent oxygens
have the same coordination number of three. If the Li atom occupies
a special 4-fold site instead of the present general site, only two out
of three independent oxygens will be used to coordinate the Li atoms.
There will always be one independent oxygen whose negative charge
is left unbalanced by Li*!. In order to achieve better charge balance,
no Li may occupy a special site. This leaves only the general site for
consideration. Since the present Li site is coordinated to two O(2),
one 0(1), and one O(3), it is reasonable to assume that Li may occupy
a general site so as to be coordinated either to two O(1), one O(2),
and one O(3) or to two O(3), one O(1), and one O(2). No tetrahedral
site could be found for the latter case. The Li tetrahedron correspond-
ing to the former case is described in Table 10. This site was found
to be less favorable because of the longer mean Li—O bond distance
of 2.20 A.

It is noted that each Li tetrahedron forms two 5-membered and
one 6-membered rings with (Si,Al) tetrahedra. There are two indepen-
dent 6-membered rings and three independent 5-membered rings
formed by Li and (Si,Al) tetrahedra. They are listed in Table 11.
All the 5-membered rings resembled the one made up by all (Si,Al)
tetrahedra. It seems that the forming of 5- and 6-membered rings
help to stabilize the lithium position. The isotropic temperature
factor for lithium was found to be 1.79 A% which falls between those
of the oxygen atoms (1.08 to 2.01). This is also found to be the
ccase for Li,SO, - H,O (Larson 1963): Li: 1.45, oxygens: 1.23 to
2.62; for LiC,O,H, (GLUSKER et al., 1965): Li: 2.04, oxygens: 1.44
to 2.20.
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Table 11. Five- and siz-membered rings formed by Li and (Si, Al) tetrahedra

Atoms DiStances Atoms DiStances
or angles or angles
(1) Li and (Si, Al) pentagon No. 1 (3) Li and (Si, Al) pentagon No. 3
Li(1,)—Si(1,) 3.161 A Si(1,)—Si(1,)—Si(1,) 121.1°
Li(1,)—Si(1,) 3.302 Si(1,)—Si(15)—Si(2,) 88.1
Si(1,)—8i(2,) 3.142 Si(15)—Si(25)—Li(1) 116.6
Si(2,)—Si(1,) 3.142
Si(14)—Si(1,) 3.183 (4) Li and (8i,Al) hexagon No. 1
Si(1,)—Li(1,)—8i(1,) 93.1° Li(1,)—Si(1y) 2.627 &
Li(1,)—8i(1,)—8i(2,) 97.3 Li(1,)—Si(1,) 3.161
Si(1;)—8i(2,)—8i(1,) 101.1 Si(1,)—Si(1,) 3.183
Si(2,)—8i(15)—Si(1,) 93.8 Si(1,)—Si(2,) 3.142
Si(14)—Si(1,)—Li(1,) 82.1 Si(25)—Si(1y) 3.149
Si(14)—Si(1,) 3.183
(2) Li and (Si,Al) pentagon No. 2 Si(1,)—Li(1,)—Si(1,) 131.8°
Li(14)—Si(2,) 2.710 A Li(1,)--8i(1,)—8i(1;) 82.1
Li(1,)—Si(2,) 3.095 Si(1;)—8i(1,)—Si(2,) 93.8
8i(2,)—Si(1,) 3.186 Si(17)—8i(25)—Si(1,) 10L.1
Si(1,)—Si(1,) 3.183 81(2,)—8i(1)—Si(1,) 93.8
Si(1,)—Si(2,) 3.142 8i(1)—8i(1,)—Li(1,) 68.5
Si(2,)—Li(1,)—Si(2,) 115.1°
Li(14)—8i(2,)—Si(1,) 88.6 (5) Li and (Si,Al) hexagon No. 2
8i(2,)—8i(1,)—8i(1,) 106.1 Li(1,)—Si(15) 3.161 A
Si(1,)—8i(1,)-8i(2,) 93.8 Li(1;)—Si(2,) 3.095
Si(1,)—Si(2,)—Li(1,) 109.0 Si(2,)—Si(1,) 3,186
i(15)—Si(1 3.183
(8) Li and (Si,Al) pentagon No. 3 Sigﬁg—SiEﬂ; 3.183
Li(1,)—Si(2,) 2.710 A Si(1,)—Si(1,) 3.183
Li(14)—Si(1,) 3.302 Si(1,)—Li(1,)—Si(2,) 115.1°
Si(1,)—Si(1,) 3.183 Li(15)—Si(2,)—Si(1,) 131.4
Si(1,)—Si(1y) 3.183 8i(2,)—Si(1,)—Si(1,) 88.1
Si(15)—8i(2,) 3.186 Si(1,)—Si(1,)—Si(1,) 121.1
8i(2,)—Li(14)—Si(1,) 115.2° Si(1,)—Si(1,)--Si(1y) 121.1
Li(14)—Si(1,)—Si(1,) 86.1 Si(1,)—Si{1,)—Li(1;) 82.1

Thermal behavior

HummeL (1951) observed that LiAlSi,O4-II has the unusually
small but positive mean thermal expansion coefficient of 9 - 10-7/°C
between 20 and 1000°C for polycrystalline aggregates. This small
thermal-expansion coefficient may now be rationalized as follows:
Each Li (or each pair of two half Li atoms) is located between two
5-membered rings of (Si,Al) tetrahedra, one oriented up, approximately
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parallel to (010), and one down, approximately parallel to (100).
The five bridging oxygens within each 5-membered ring are almost
coplanar and form a fairly regular pentagon. The two oxygens (one
up and one down, and parallel to ¢ axis) which are closest to the Li,
form the minimum O—0—O angle of 91° in the oxygen pentagon.
The minimum angle of 91° deviates appreciably from the ideal
pentagon angle of 108°. This may indicate the existence of some
strain in the 5-membered rings. Upon heating, thermal energy is
used to relieve the strain by increasing the minimum 0—0—O angle
of 91° which, in turn, causes the raising and lowering of the two

c/2

0(3,)

Fig.4. Diagram illustrating the thermal expansion changes, with expansion of
the ¢ axis and contraction of the a axis

oxygen atoms (parallel to the ¢ axis) closest to the Li atom. Thus,
the ¢ axis expands. As the four corresponding (Si,Al) tetrahedra
change orientation, the two pairs of oxygen (parallel to the ¢ and b
axes, respectively) around the Li contract, and the a and b axes
contract, as is illustrated in Fig.4. As a result of this, the overall
volume remains almost unchanged. The bond lengths and angles
within each (Si,Al) tetrahedron change very little during heating.
The only significant changes occur in the angles between the neigh-
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boring tetrahedra. As a further result of this expansion behavior,
Li atoms are free to move from the present position of 4-fold coordina-
tion to the position of 6-fold coordination as described earlier.

LiAlSi,O4-I1 is a stuffed derivative of the keatite structure.
In keatite, KraT (1954) found that, upon heating, the ¢ axis expands
up to 550°C, and both the @ and b axes contract up to about 250°C.
This observation may provide some evidence for the rationalization
just described.
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