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Abstract

The room-temperature form (a) of colorless transparent synthetic Zn(Zno.rLio."Sios)SiO4
has monocl in ic  symmetry wi th a :  6 .340( l ) ,  b  :  10.516(2) ,  c :  5 .011( l )A,  B :  90.50(2)" ,
space group P2t/n, and Z : 4. It transforms at about 400'C to a high-temperature form (B)
which is orthorhombic with a : 6.406(3),, : 10.520(8), c : 5.043(2)4, space group Pmnb,
and Z : 4. The crystal structures for both forms were determined by 3-dimensional Patterson
analysis from X-ray intensity data collected at room temperature and at 450oC. The structures
were refined by the least-squares methods to a final weighted R : 0.068 (unweighted R :
0.068) and 0.064 (unweighted R : 0.070) for the room-temperature and the high-temperature
form respectively.

The high-temperature structure is a tetrahedral framework structure with a sharing coeffi-
cient of 3. There are two different tetrahedral sites: T l, an 8-fold site, and T2, a 4-fold site. The
T1 site contains all Zn and Li and some Si; the T2 site is all Si. The Tl tetrahedra form
puckered layers parallel to (010) and are composed ofcorner-shared tetrahedral chains. These
chains are parallel to [00]. Unlike pyroxenes, all tetrahedra l ie on the same side of the chain
axis. The layers stack in antiparallel arrangement and are cross-linked by the T2 tetrahedra to
constitute the framework structure.

Below the transition temperature, the 8-fold T1 site splits into two symmetry-independent
4-fold positions Tl(o) and Tl(m) sites, and the symmetry degenerates from Pmnb to P2r/n.
Zn atoms are completely ordered on Tl(o). At the transition, Zn atoms may concentrate in
either of the two Tl positions. This option results in a domain structure with the two related
by reflection across (100). The order-disorder transformation also produces twin (a') struc-
ture which has monoclinic symmetry with space group 82, and a : 13.01, b : 10.41, c :
l 0 . 0 7 , { . a n d 6 - 9 0 o .

Introduction
During exploratory studies of wil lemite crystal

growth from a polymolybdate flux with methods pre-
viously developed for BeO (Austerman, 1964), a new
non-hexagonal crystal form was obtained. The crys-
tal-growth experiments were made with LirMoOn-
MoOs as the flux composition, over the range of l0
percent to 35 percent MoOg by weight, at temper-

1 Present address: Laboratory for High Pressure Science, De-
partment of Chemical Engineering, University of Maryland, Col-
lege Park, Maryland 20742.
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atures between 900o and I100'C. At all flux composi-
tions with greater than 20*l percent MoO3, will-
emite invariably formed. However, with the MoOg
component <20 percent, only the new type of crystal,
with good crystal faces, was grown. The flux compo-
sition boundary between the willemite and the new
structure regions was found to be independent of
temperature within a range of a I percent MoOr. In
some experiments Mn was added in small amounts,
but this Mn did not appear to influence the formation
of the new type of crystal.

The preliminary electron microprobe chemical
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Table l. Space groups and unit-cell constants of Zn-Li silicates at
different temDeratures
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* d is an ordered structure; B ls a dlsordered structure;
second room temperature phase is a twlnned form of o.
** Refined by 12 reflectlons on Picker autonated single
crys ta l  d i f  f  rac toneter .

analyses2 suggested that a previously unknown crys-
tal of composition ZnSiO, had been grown. A search
of the pertinent literature on powder patterns and
unit-cell data yielded no match with any known
structure.

Because of the apparent pyroxene-like composi-
tion, a detailed structure analysis was initiated to
determine whether or not this compound did indeed
have a pyroxene-like structure.

Experimental studies

Crystal morphology and phase transition

Crystals of this synthetic Zn-Li silicate are trans-
parent and colorless. From the X-ray and interfacial
angle data, a preliminary evaldation of lattice param-
eters was made. The crystal appears to be ortho-
rhombic with a : 12.77, b : lO.45,c : 10.05,{.

Petrographic observations indicate that the sample
contains fine lamellae, about 2 pm thick, oriented in
two perpendicular directions. Since the lamellae
might be an exsolved second phase, experiments were
performed under a petrographic microscope with a
heating stage. Very thin (010) tabular crystals, about
75 pm thick, were selected for examination because
this is the best orientation to observe the lamellae.
With increasing temperature, the lamellae became
indistinct and gradually disappeared.

Preliminary X-ray precession photographs of the
sample showed that there are two phases in the ap-
parent single crystals. Heating experiments were also
carried out on a Buerger precession camera, with a
high-temperature heater of the design of Brown et al.
(1973). The crystal was mounted on a pyrex-glass
fiber with high-temperature quartz cement. The

2 Atomics International, Autonetics Divisions of Rockwell In-

ternational and the National Bureau of Standards.

sample was heated slowly at atmospheric pressure.
Above 400'C only one sharp diffraction pattern was
observed. This pattern was orthorhombic with a :

6.406(3), b : 10.520(8), c : 5.043(2)A, with ex-
tinction conditions corresponding to space group
Pmnb or P2rnb, and was designated as the high-
temperature or p form. When the sample is cooled to
room temperature, two phases reappear in the pre-
cession patterns, although intensities of one pattern
are weaker than in the original patterns.

In the search for a single crystal of the room-
temperature form,Zn-Li silicate samples were heated
at 700oC and atmospheric pressure for about 100
hours in a 75Ag-25Pd container. All samples,
whether slowly cooled or quenched to room temper-
ature, stil l contained observable lamellae. One crystal
containing a large region with no visible lamellae
under the polarizing microscope was successfully cut
into a single-crystal fragment measuring 125 x 30 X
30 pm. X-ray precession photographs of this frag-
ment indicate that this crystal was indeed single with
monocl inic symmetry and 6.340(l) ,  b:
10.516(2),  c :  5.01l( l )A,,8 = 90.50(2) ' ,  space group
P2r/n. The lattice was pseudo-orthorhombic. This
phase was designated as the room-temperature or a
form. Subtracting the a phase from the precession
patterns with two phases, the space group and the
unit-cell constants of the second phase were deter-
mined to 6e 82'and,a :  13.01, b :  10.41, c :  10.074,
B = 90", as listed in Table l. This cell is close to the
one determined morphologically.

Table 2 gives the powder pattern, taken at room
temperature, of unheated powder samples, which
could only be indexed on the basis of the lattice
parameters of the a form. Hayashi et al. (1965) re-
ported the formation of two forms of ZnSiO' at high
pressure (42 kbar) and high temperature (600' and
Table 2. X-ray powder pattern for the synthetic Zn-Li silicate

d  (obs ) d ( c a I c )  * hkl* r / to

Second roon
t e n p .  p h a s e ( q t ) *

tenp .  H igh  tenp.
( q ) *  f o r n  ( B ) *

Room
forn

Space
Group

a (A)

b ( A )

c  (A)

B  ( o )

B2t

1 3 . 0 1

1 0 . 4 1

1 0 .  0 7

^OO

P2L/n

6 .  3 4 0  ( 1  )  * *

1 0 .  5 1 6  ( 2 )  * +

5 .  O 1 1  ( 1  )  * +

9 0 . 5 0 ( 2 ) x *

Pnnb

6 . 4 0 6  ( 3 )  * *

1 0 . 5 2 O ( 8 ) * *

5 .  0 4 3  (  2 )  * *

5 . 4 5  A
4 . 2 3
4 . O 7
3 . 9 7
3 .  0 9
2 . 7 L L
2 . 6 5 4
2 . 6 3 2
2 . 5 2 L
2 . 4 5 2
L .6242
7 . 5 4 2 9
7 . s L 7 9
1 .3720

5 . 4 3  A
4 . 5 2
4 .  O 5
s . 9 2
3 . O 7
2 . 7 t 5
2 . 6 2 9
2 .61L
2 . 5 0 6
2 . 4 3 7
1 . 6 1 1 8
1 . 5 3 3 8
1 . 5 1 7 5
t . 3721

( 1 1 0 )
(011 )
(L2o)
( 1 0 1 )
(130 )
(22o)
(o40)
( 131 )
(oo2)
(o12)
(103)
(260)
(42o)
(342>

10
10
50
20
40
30
30
3 0

100
30
20
40
2 5
2 5

* Based on the unit
room temperature

ceI l  pararneters of
form.
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900"C). The diffraction pattern of neither form
matches the one given in Table 2. Syono et al. (1971)
gave data for five forms of Zn"SiOa and two forms of
ZnSiO, whose patterns also did not match this com-
pound.

A density of 3.53 g/cms was measured at room
temperature with a Berman microbalance (calibrated
with a q\artz standard) and toluene as the immersion
liquid. Based on this observed density and the assumed
stoichiometric composition of ZnSiOr, the calculated
Z value was 5.01. Because the density measurement is
relatively reliable (it is reproducible with less than 3
percent uncertainty), the deviation of the Z from a
more plausible value of 4 suggested an incorrect
chemical composition. Consequently, the composi-
tion was redetermined by electron microprobe analy-
sis conducted by John Hunt at the Mineral Constitu-
t ion  Labora tory  o f  The Pennsy lvan ia  S ta te
University. Wavelength scans were carried out beforo
the detailed quantitative measurements were made.
The result was essentially the same as the preliminary
analyses except that we found less than2 percent (by
weight) Mn in the crystal. No detectable Mo was
found. However, the total composition was only 93
percent. Emission spectroscopic analysis for Li was
then performed at the same laboratory by Professor
Norman H. Suhr, and l0 percent Li (by weight) was
detected. Because of much higher uncertainty in Li
analysis and more reliable electron microprobe re-
sult, 7 percent Li (by weight) was assigned to the
compound in order to bring total chemical composi-
tion to 100 percent. Accordingly, the structure for-
mula was calculated to be Zn(Zno.lLi0.6Si0.s)SiO4.

X-ray intensity data collection

The single-crystal a form isolated during the heat-
ing experiments was mounted for X-ray intensity
measurement on a Picker Fecs-l computer-con-
trolled four-circle diffractometer using Zr-filtered Mo
radiation. There were ll98 observed reflections in
two octants of reciprocal space, which were collected
to sin d/tr : 1.28 employing 2d scans. The observed
intensities were corrected for Lorentz, polarization,
and absorption (p : 85.47 cm-r) effects using the
Acec program written by C. T. Prewitt (see Wuensch
and Prewitt, 1965). The intensity-data collection for
the p form was carried out at 450oC in the same way
as that for the a form. The sample was ground into a
sphere of 150 pm in diameter, and 667 reflections in
one octant of the reciprocal space to sin d/tr : 1.28'were measured. Table 3 gives the summary of crystal-
structure data.

Table 3. Summary of crystal-structure data

Roon tenperature At 45OoC

Structural
f o r n u l a  Z n ( Z n O . 1 L t O . 6 S i O . 3 )  S i 0 4

Space
group PzL/n

Size of
c r y s t a l  ( m )  0 . 1 2 x 0 . 0 3 x o , 0 3 '

l,leasured
d e n s i t y  ( g / c n " )  3 . 5 3

Calculated
d e n s i t y  ( g , / c n J )  3 . 5 1

Nunber of for-
n u l a  u n l t  z  4

Linear absorpt-
l o n  c o e f f i c i e + t
for MoKd (cn-!)  A5.47

R e s i d u a l
f a c t o r s  R *  0 . 0 6 8

R ( w t d )  *  0 . 0 6 8

(2n1,  
1L io .  6s io .  3 )  s i04

Pmnb

0.15 (d taneter )

3 . 4 5

4

8 4 .  0 1

o.  070
o .  0 6 4

- 
*t'ltfr'=ill{lrj'tll;1, )2/t,1ro12vL/2 ^n6 unit weisht assuned

Structure determinations and refinements

The aform

The structure was solved by analyzing a three-
dimensional Patterson map which revealed the Zn
atoms. Silicon and oxygen atoms were located by
subsequent Fourier syntheses with phases determined
by the Zn atoms. The peak in the Fourier map with
an electron density lower than that of Zn but higher
than that of Si was assigned to be occupied by a
mixture of Zno.,Lio..Sio.r. This selection resulted in an
unambiguous resolution of the full structure. Full-
matrix, least-squares refinements were carried out
with the use of a modified Onrls program (Busing et
al., 1962) and scattering factors of Zn2+,Sia+ from
Cromer and Mann (1968) and 02- from Suzuki
(1960). After three cycles the residual factors, R :

l l4 l-  lF" l l / lF" l ,  dropped to 0.075 with anisotropic
temperature factors for I 198 independent reflections.
Six reflections apparently affected by extinction were
deleted from the least-squares calculations in the fur-
ther refinements, which gave R : 0.068. Anomalous
dispersion corrections for Zn and Si from Cromer
(1965) were included in the last refinement; they did
not improve the R factor significantly.

The B form
In view of the close resemblance in their diffraction

patterns, unit-cell parameters, and the intensities of
the corresponding reflections on their precession pho-
tographs between the high-temperature form and the
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Ro@ ten-
perature

Tabfe 4a Final atomic positional parameters for the syntheticZn-
Li silicates*

Table 5a and 5b. Calculated and observed structure,
factors are given in Table 6a and 6b.3

Discussion

S t ructure des c rip tions

Both forms have a framework structure. In the B
form there are two different tetrahedral sites. Tl is an
8-fold site containing Znr.rl-io..Sio.' while T2 is a 4-
fold site containing only Si. Each oxygen atom is
shared by two Tl tetrahedra and one T2 tetrahedron.
The Tl tetrahedra are all corner-shared to form
puckered layers parallel to (010). Within the layer
one can identify a distinct chain linkage with one
tetrahedral edge forming the chain axis. Unlike the

3 To obtain a copy of this table, order document AM-78-081
from the Business Office, Mineralogical Society of America,
LLl000, 1909 K Street, N.W., Washington, D. C. 20006. Please
remit $1.00 in advance for the microfiche.

Table 4b. Atomic anisotropic temperature factors in the

expression exp-(Byh'+ Pz2k2 + Pssz + 0v2hk + P2s2kl + BB2hl)*

S i t e B ( e q )  * *

T1 (o)  (zn)

T1(n)  (zn l , tS i )

1 2 ( s i )

o1

02

03 (o)

03 (E)

At 4sooc

T1 (znli si )

T2  (Sr  )

o1

02

4e

4e

4e

4e

4e

4e

4 e

8 d

4c

4c

4c

8 d

o . o o 1 5 ( 1 )  O , 1 6 3 0 ( 1 )

o . 5 o 3 1 ( 1 1 )  0 . 1 5 5 3 ( 7 )

o .2524(2)  0 .4112(1)

o .2544(6)  O.4o5o(4)

o .2523(7)  0 .0568(4)

0 . 0 4 4 9 ( 7 )  0 . 3 3 9 6 ( 4 )

o  .4637 (7 )  O.  3395 (4 )

0 . 0 0 0 4 ( 2 )  0 . 1 6 0 7 ( 1 )

o . 2 5 o . 4 L o 7  ( 2 )

0 . 1 8 8 2  ( 1 )

o.L797 (L3)

0 . 1 8 5 2  ( 3 )

- 0 . 1 3 8 1 ( 7 )

o . 2 t L 7  ( 9 )

o . 2 e 4 8  ( 8 )

0 . 2 s 4 9 ( 8 )

0 . 1 8 6 0  ( 2 )

o . 1 8 3 4  (  4 )

- o . 1 3 7 4  ( 1 0 )

o .2201(L5)

0 . 2 9 5 4  ( 8 )

o . 2 5  0 . 4 0 2 1 ( 5 )

o .  a o

1  , 4 5

o . 6 7

o . 7 6

1 . 1 8

1 . 0 9

l q z

1  . 6 6

o . 9 2

1 .  5 3

2 . 3 0

2 . O 2

o . 2 5 0 . 0 5 7 5 ( 5 )

o . 0 4 3 3 7 ( 7 )  0 . 3 4 0 6 ( 4 )

* Parenthesized f igures represent the est imated standard
devLat ion in terns of least unl ts ci ted for the value to
t h e i r  i m e d i a t e  l e f t .
++ B(eq)=equivalent isotropic tenperature factor c@puted
frm anisotropic teEperature factors, 6l i ,  according to
B ( e q ) = 4 , / 3 t t g i j a i a j  ( H m i l t o n ,  1 9 6 5 ) .

T 1 ( o )  ( Z n ) ZnLl Si

low-temperature form, one would speculate that their
crystal structures would be similar if not identical.
Both possible space groups, Pmnb or P2rnb, of the B
form require that the Tl(o) and Tl(m) 4-fold inde-
pendent sites in space group P2r/n of the room-tem-
perature form become a symmetry-related equivalent
S-fold site Tl. This symmetry condition requires all
Zn and Li and some Si to be randomly distributed on
the Tl site in the 0 form. With this occupancy for Tl,
and with the Si and oxygen atomic coordinates from
the low-temperature form as the initial values, full-
matrix least-squares refinement with anisotropic tem-
perature factors and Pmnb space group led to weigh-
ted R factor, Rwta : t>r( lF" | - lA l)"/>r1f "l2lt/2 

:
0.068 for the high-temperature form. In the later
stage of least-squares refinement, l4 reflections with
intensity below the minimum observed level and 2
reflections, (200) and (400), apparently subject to
extinction were omitted from the calculations. The
final weighted R factor was 0.064 (unweighted R :
0.070) for 651 independent reflections. Throughout
the entire refinement process, unit weights for all
reflections were assumed. The structure refinement
verified the space group Pmnb. The atomic positional
parameters with anisotropic temperature factors are
listed in Table 4a and 4b. Bond lengths and bond
angles for both the a form and the B form are listed in

911 0 .0o56  (1 )
o .oo18  (1 )822

8 3 3  0 . 0 0 6 0 ( 2 )
B L z  - O . O O O 2 ( 1 )
8 1 3  0 . 0 0 0 8 ( 1 )
923 -O.OOO1(1)

11(n)  (zn l , i s i )

811  O .OO9?(3 )
822  o .oo35 (1 ) ,
833  0 .0162 (4 )
B7-2 -o.ooo2(1)
813  o ,oo1o (3 )
s23 0.0001(1)

B t 1
822
833
BL2
813
823

12 (s i )
811
922
833
BL2
813
823

o1
811
822
833
g12
813
923

02
F11
822
833
BL2
ts13
823

03 (o)
811
822
833
B L 2
813
923

03 (n)
811
8 2 2
833
BL2
gL3

o .  o1o5 (14 )
o .  0027 (6)
o .  0147  (19 )
0 .ooo1  (7 )

-o ,  ooo3  (13 )
o .  ooo l ( 9 )

o .  0065 (3 )
0 .0012  (1 )
o .  0032  (4 )

-0.  0001 (1)
o .  ooo4 (3)
o .  ooo2 (2 )

o .  oo53  (8 )
o .  oo27  (3 )
o .  oo28  (10 )

-o.  ooo4 (40)
0 .  ooo3  (7 )
0 .  oooo (4 )

o .  oo85  (9 )
o .oo15 (3 )
o .  0131 (15 )
o.  0003 (4)
o.  ooo3 (9)
o.  ooo3 (  5)

0 .  oo97  (9 )
o .0o2o  (3 )
o .  0070  (13 )

-o .ooo9  (4 )
0 .  oo21  (9 )

-o .0006 (5 )

o.  0106 (  10 )
o .  oo25 (3 )
o .  oo81  (13 )
0 . 0 0 1 7 ( 5 )

-o .  ooo5 (9 )

12 (s i )
811  o .oo72 (4 ,
822  o .o017 (1 )
833  0 .0079 (6 )
B l 2  o . o
8 1 3  O . 0
923 O.Q0O2(2)

o1
811  o .oo99 (11 )
822  o .oo49 (5 )
833  0 .0081 (16 )
B L 2  o . 0
8 1 3  o , o
823  -o .ooo2 (7 )

o2
811  o .oo88 (11 )
922 o.oo22(4)
833  o .o389 (3o )
B L 2  o , o
8 1 3  o .  o
923 o.oo39(9)

o3
811  o .o154 (1o )
922  0 .0038 (3 )
833  o .o175 (14 )
gL2  -0 .0026 (5 )
F13  o ,oo43 (10 )
823  -0 .0012 (5 )

B
zeq ragures r
refers to the t  d l g l t .
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Tabfe 5a. Interatomic distances for Zn-Li silicate at room
temperature and 450oC*

Boom tenperature At 45ooc

SILICATES

Zn3 l04

Fig. l. The crystal structurc of Zn-Li silicate at 450'C in
comparison with that of willemite. Shaded tetrahedra are TlO.
and dotted ones, are T2O. (SiOr).

hedra. This difference results in a longer dimension of
the a axis (chain direction) in the Zn-Li silicates
(6.4A) than of the c axis (chain direction) in pyroxene
(5.24).

Both Zn-Li silicates and willemite have a frame-
work structure which gives a sharing coefficient of 3
(Zoltai, 1969). The structures, however, show little
similarity. One of the common structure features in
both willemite and Zn-Li silicate is the ring com-
posed of corner-shared tetrahedra. The 3-tetrahedra
rings in the Zn-Li silicates are isolated one with
respect to another (see Fig. l). In the willemite struc-
ture, the three bonds pointing to each oxygen from
two Zn and one Si atoms are in the same plane and
nearly 120" apart. But in the Zn-Li silicate structure
no 3 coplanar bonds around an oxygen atom are
found, although 02 has 3 bonds nearly aligned in a
plane.

Hemimorphite has a structure even more different
from the Zn-Li silicate than willemite. The hemimor-
phite structure contains SirO, groups, composed of

r _ b

o

T1(o)  (zn) -o1
T1(o)  (zn) -O2
T1(o)  (zn) -o3(o)
T 1 ( o )  ( z n ) - o 3 ( n )

Mean of 4

T 1 ( n ) ( z n l , l s i ) - o 1  1 . 9 3 6 ( 8 )
1 1 ( n ) ( z n l i s i ) - o 2  1 . 9 o 5 ( 8 )
T1(n)  (zn l , lS l )  -o3  (o )1 .  950 (8 )
T1(n)  (zn l i s i )  -o3  (n )2 .  037 (9 )

Mean of 4
Mean of 8

T 2 ( S i ) - O 1
1 2 ( s i ) - o 2
1 2 ( s i ) - o 3  ( o )
T2 (S1 )  -o3  (n )

Mean of 4

1 . 9 3 6 ( 4 )  T 1 ( z n l i s i ) - o 1  1 . g s o ( 3 )
L .946(4)  T1(zn l i s i ) -o2  1 .94o(3)
1 . 9 5 1 ( 4 )  T 1 ( z n l i s l ) - o 3  1 . 9 9 o ( 4 )
L .944(4)  T1(zn l i s i ) -o3  1 .99o(4)

7 , .954 Mean o f  4  1 .968

L . 9 5 7
1  . 9 5 6

a . 6 2 2 ( 4 )  T 2 ( S i ) - O 1
t . 6 1 7 ( 4 )  T 2 ( S i ) - O 2
1 . 6 1 6 ( 5 )  1 2 ( s i ) - O 3
1 . 6 2 8 ( 5 )  1 2 ( s i ) - o 3

! .62L Mean o f  4

1 . 6 2 0  (  5 )
1 . 6 1 8 ( 5 )
1 . 6 1 7  ( 6 )
1  .617 (  5 )

1  . 6 1 8

* Parenthesized figures
deviation refers to the

represent the estinated standard
las t  d ig i t ,

pyroxene chain, all tetrahedra within a chain lie on
the same side of the chain axis. The layers stack in
antiparallel arrangement and are cross-linked by the
T2 tetrahedra to constitute the three-dimensional
framework structure shown in Figure l.

Below the transition temperature, the 8-fold Tl site
splits into two symmetry-independent 4-fold posi-
tions T l(o) and T l(m) sites, and the symmetry degen-
erates from Pmnb to P2r/n. Zn atoms completely fill
Tl(o) site and Zno.rLio..3io., occupy Tl(m). In both
Zn-Li silicate structures and in pyroxene, the tetra-
hedra repeat with every second tetrahedron along the
chain direction. The chains in Zn-Li silicate are com-
posed of the tetrahedra of the larger cations; in py-
roxene the chains are composed of smaller SiOn tetra-

Table 5b. Bond angles for Zn-Li silicate at room temperature and
4500c+

Room temperature At 45ooc
o1-T1 (o) -02
oI.-r1 (o) -o3 (o)
01-T1 (o) -o3 (n)
O2-T1 (o) -og (o)
o2-T1 (o) -o3 (n)
03 (o)  -T1 (o)  -o3 (n)

o1-T1(n)-o2
01-T1 (n) -o3 (o)
o1-T1 (n) -O3 (n)
o2-T1(m)-03(o)
02-T1(n)-o3(m)
03 (o) -r1 (n) -o3 (n)

oL-T2-O2
01-T2-o3(o)
01-T2-03 (n)
02-T2-03 (o)
o2-T2-03 (n)
03 (o) -T2-o3 (n)

LL'.r(2>
110.  o  (2 )
110 .5 (2 )
LL4.6<2'

98 .3  ( 2 )
LO7 .5 (2 )

11? .8 (4 )
11o .  e  ( 4 )
1 0 6 . 3 ( 4 )
LOz.7 (4 '
LL2.8(4 '
1o5 .8 (4 )

111 .  o  ( 2 )
1o9 .5 (2 )
LO7.8(2 ' )
1 o 8 . 4 ( 2 )
LLo.4<2)
1 o 9 . 8 ( 2 )

o1-T1-o2 116.6(2)
o1-T1-O3 108.O( ' ,2)
o1-T1-O3 1O9.5(2)
o2-T1-O3 413.2(2t
o2-T1-O3 1O1.5(3)
o3-T1-o3 LO7.5(2)

o'.-T2-o2 110.7(3)
o1-T2-O3 1O8.9(2)
o1-T2-O3 1O8.9(2)
o2-'r2-o3 1o9.3(2)
o2-T2-O3 109.3(2)
o3-T2-O3 1O9.9(3)

*Parenthesized figures represent the estimated standard
deviatlon refers to the last digit.
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Table 7. Displacements of the 4-fold site in the a form with respect
to the B form

S i t e Aa  (A ) ^b  (A ) Ac  (A )

11 (o)

11 (n)

o1

o2

03 (o)

03 (n)

o .  oo7

o.o22

o . 0 2 8

0 . 0 1 5

0 . 0 1 0

o . o 4 4

o . o 2 4

- 0 .  o 5 7

0 . 0 3 1

- 0 .  o o 7

- 0 . 0 1 1

-o.ol2

o . 0 1 1

-0 .  o32

-o . oo4

-o.o42

- 0 .  o o 3

- 0 . 0 0 3

two SiOn tetrahedra with a common corner, which
gives a sharing coemcient of 2.75.

Tl tetrahedra

The tetrahedral angles of the TlOn tetrahedra for
the B form range f rom 101.5 '  to  I16.6o.  They are less
distorted from the ideal tetrahedron than either the
Tl(o)O. or Tl(m)Oa in the a form. If the mean Tl-O
distance is simply a weighted l inear combination of
the bond lengths for the various ions present in the
Tl site, a predicted Tl-O interatomic distance can be
calculated.  Taking Zn-O :  1.94A,  Si -O :  l .62 lA
from this study and Li-O : 2.00A, the calculated
value is l.9l8A, in comparison with the observed
value,  1.9684.

The T1(o)O4 and Tl(m)On tetrahedral angles for
the a form are significantly distorted, ranging from
98.3 '  to  l l5 . l '  and 102.7o to l l7 .8o respect ive ly .
Employing the same assumption as used in the B
form, the mean Tl(m)-O distance was calculated to
be 1.8824 in contrast to the measured value 1.957 A.

T2 tetrahedra (Si tetrahedra)

Both forms have very regular SiOn tetrahedra with
angles ranging from ll l .0" to 107.8" for the a form
and I10.7 '  to  108.9 '  for  the p form. The mean Si-O
interatomic distance, l.62lA at room temperature, is
insignificantly longer than l.6l8A at 450'C. Such an
insignificant change in Si-O bond length with tem-
perature has been reported by many authors in some
high-temperature crystal-structure studies of silicates.
Smyth and Hazen (1973) in olivines, Cameron et al.
(1973) in pyroxenes, Sueno et al. (1973) in amphi-
bole, Foit and Peacor (1973) in feldspar, and others
have reported that the small increase in mean Si-O
interatomic distances with increasing temperature is
not statistically significant. On the other hand, Smyth
(1973) and Peacor (1973) have found a slight decrease

Fig. 2. Atomic thermal vibration ellipsoids for the a form of
Zn-Li  s i l icate. 'Drawing produced by Onree (Johnson, 1965).

in mean Si-O distances for orthopyroxene and natro-
lite with increasing temperature. Because the differ-
ence in Si-O distances in a and 6 structures is within
experimental error, no final conclusions can be drawn
as to whether or not the average Si-O interatomic
distances truly exhibit any thermal change with in-
creasing temperature.

Temperature factors
Ohashi et al. (1975) found the relatively large iso-

tropic temperature factor for the M2 site at the
middle of the hedenbergite-ferrosilite solid solution
series resulting from the multiple occupancy of Ca and
Fe atoms in the M2 site. The very similar markedly
large isotropic temperature factors for the Tl(m) site
at room temperature and the Tl site at 450oC were
also detected in this study. The Ol, 02, and 03
oxygen atoms also exhibit large apparent temper-
ature factors in the B form. According to Ohashi et al.
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+++++---

++ + +++
++--++++-+++

Fig. 3. Domain and twin structures of Zn-Li silicate projected

on (010), showing that the twin has a .B-centered lattice and its a

and c double those of  the untwinned s ingle crystal .
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(1975), abnormally large temperature factors are ex-
plained by the effect of significant positional disorder
due to multiple occupancy of these tetrahedral sites.
Because both the Tl(m) site for the a form and the
Tl site for the 0 form are occupied by atoms of Zn,
Li, and Si in a completely disordered manner, and
because their ionic radii are substantially different
from each other [the effective ionic radii are Zn(IY)
: 0.60, Li(IV) : 0.59, and Si(IV) : 0.26A, see Shan-
non and Prewitt, 19691, there should be a variation of
the atomic position among different unit cells of the
crystal. The displacement of each individual 4-fold
site in the a form, as shown in Table 7, can be
correlated with the orientation ofcorresponding ther-
mal vibration ellipsoids. It turned out that, except for
Tl(m), all 4-fold sites have the thermal vibration
ellipsoids with their longest axes matching the dis-
placement vectors in the a structure (compare Fig. 2
and Table 7).

Phase transition mechanisms and domain structures

At 450'C, Zn, Li, and some Si appear fully dis-
ordered on the Tl site. Below the transition temper-
ature, ordering occurs as Zn atoms move to the pre-
ferred site and destroy the mirror plane at a/4.The
loss of the mirror plane causes the splitting of the
higher-temperature 8-fold Tl site into the two sym-
metry non-equivalent 4-fold positiohs at room tem-
perature designated as T1(o) and Tl(m) sites. The

a a

o T l (0).oTl(m)
Fig. 4. Schematical diagrams showing the domain relation with

reflection across (100) plane.
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o
a

82'

"  T  l (0 ).  T t (m)
Fig. 5. Diagram showing the symmetry of space group 82' of

twinned crystal.

T1(o) site is designated as the one fully occupied by
Zn atoms. The Tl(m) site is fil led with a mixture of
Zn, Li, and Si. Although the a form exhibits the true
monoclinic symmetry created by the ordering of the
Zn atoms at Tl(o) site over Tl(m) site, it displays
strong pseudo-orthorhombic symmetry, due to the
basic crystal structure which does not deviate signifi-
cantly from that of the orthorhombic B form. The
Tl(o) and Tl(m) tetrahedral sites alternate along the
a direction (the tetrahedral chain direction) below the
transformation temperature. However, when the
transition takes place ordering occurs, and the Zn
atorns may concentrate in either of the two 4-fold
positions as Tl(o) site. The Tl(o) site at one part of
the crystal might be different from the Tl(o) site at
another part of the crystal, which gives rise to a
twinned domain structure (Fig. 3). Each domain is
identical to the surrounding ones but out ofphase by
reflection across the (100) plane, as shown in Figure
4. Figure 3 depicts schematically the domain relation,
with plus and minus signs representing two different
domains on a unit-cell scale.

Twinning

The existence of the second room-temperature
phase can be interpreted as the result of a portion of a
crystal being twinned on the unit-cell scale. With the
same axial direction for reference, the twin has a B-
centered lattice with its a and c unit translations
double and D equal to the corresponding vectors in
the true single crystal as indicated in Figure 3. Figure
5 demonstrates that the twin structure has a 82' space
group. The twinned fraction of a given crystal usually
changes each time the crystal is cycled through the
reversible order-disorder phase transition, and may
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also change as the temperature is lowered, This ex-
plains why the X-ray intensities for the second room-
temperature phase became weaker when the crystal
was cooled from 450oC to room temperature.
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