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the lattice parameters a and ¢, but also of c/a. In
hypothetical LaV(CN)s.SH,O the hole between the
[FeCq] octahedra and the [LaNgOs] polyhedra might
even be too large for the two non-bonded H,O
molecules.
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and Professor Walter Petter of the Crystallography
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help. Moreover, we thank Professor Hans-Christoph
Siegmann as well as the Swiss National Science
Foundation for generous support.
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Abstract. Mg, .4Fe,.cSiS,4, M, = 223-88, orthorhombic,
Pnma, a=12-633 (5), b="7-348 (3), ¢ =5901 (2) A,
V=15477(4) A3, Z=4, D,=2715gcm™ 3,
A(Mo Ka)=0-71069 A, x=329cm™', F000)=
442, T=298K, R=0-025 wR=0-022 for 690
unique reflections, F, > 40(F,). Mg, ssFeo.145iS,, M,
=209-37, orthorhombic, Pnma, a=12-677 (4), b=
7-405(2), ¢c=5913 (A, V=5551(3) A3, Z=4,
D,=2505gcm™3 A(MoKa)=071069A, u=
21-68 cm ™', F(000) = 416, T=298 K, R = 0-029, wR
= 0-025 for 1873 unique reflections, F, > 40(F,). The
two metal cations are not evenly distributed between
the M(1) and M(2) positions of the olivine structure.
The type of order [enrichment of Fe in the M(1)
position] is the same in both compounds. The degree
of order is greater than in olivines of the forsterite—
fayalite series.

Introduction. In the course of our studies of thiosili-
cates which crystallize in the olivine structure type
we have carried out X-ray structure analyses of

* To whom correspondence should be addressed.

0108-2701/90/111996-03%03.00

Mn,SiS, (Fuhrmann & Pickardt, 1989a), (Mn,Mg),-
SiS4, (Mn,Fe),SiS, and (Mg,Fe),SiS, (Fuhrmann &
Pickardt, 19894). The structure determination of the
magnesium iron thiosilicate, combined with an elec-
tron microprobe analysis, yielded ordering effects of
the metal cations in the two different positions of the
olivine structure: the M(1) position is enriched in Fe
relative to M(2). In order to verify these remarkable
results [based on the cation size, Fe>* should prefer
the larger M(2) octahedral site], we prepared single
crystals of the solid-solution series Mg,SiS,—Fe,SiS,
and determined the crystal structures of Mg,
FeosSiS, and Mg g6Fe(.1481S,. The formulae
assigned to these compounds are based on the
refined occupancies of the metal sites. :

Experimental. Single crystals of the title compounds
were obtained by chemical transport reactions car-
ried out in sealed quartz ampoules at 1173/1073 K
for two weeks using Mg,Si, Fe, Si and S; as starting
materials. A red, transparent Mg,.,Fey.¢SiS, crystal
(0:22 % 0-18 x 0-2mm) and a yellow transparent
Mg, ssFeq.14S1S, crystal (0-26 x 0-14 x 0-18 mm) were

© 1990 International Union of Crystallography
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chosen for data collection on a Syntex P2, diffrac-
tometer operated in w-scan mode (Mo Ka radiation,
graphite monochromator).

In the following, experimental details for
Mg, ,Fe,¢SiS, are given before those for
Mg, ssFeo.14S51S,. Cell parameters were obtained from
a least-squares refinement of 15 reflections in the
range 8§<20<25, 6=<20<25. Two standard
reflections, measured periodically every 50 reflec-
tions, showed no significant change during data col-
lection. 1017, 2796 reflections in the range 2 < 26 <
60°.0=<h=<17,0=<k=<10,0</<8,2<20<90°0
=h=250=<k=<14,0=</=<1], were measured and
yielded 856, 2407 unique reflections (R, = 0-089,
0-09), of which 690, 1873 were considered as
observed (F,> 40F,). The data were corrected for
Lorentz polarization effects and for absorption
(numerical integration), range of transmission factors
0-688-0-778,  0-719-0-831;  secondary-extinction
effects on Mg, geFe,.14SiS, were corrected by
refinement of an empirical extinction coefficient X =
36(2) x 1077, FE,= F,(1 — XE*/sinf). Based on the
coordinates of earlier structure determinations of
M,SiS, compounds (Vincent, Bertaut, Baur &
Shannon, 1976; Fuhrmann & Pickardt, 1989a) the
full-matrix least-squares refinements (43, 44 param-
eters) on F yielded the final R values R = 0-025, wR
= 0022, w=0-58/c*(F,), R=0-029, wR=0-025, w
= 1-77/a¢¥(F,). The cation distributions in the
equipoints 4(a) [M(1) position] and 4(c) [M(2) posi-
tion] were also refined, using common anisotropic
thermal parameters for Mg and Fe on the same
position. Residual electron densities in the final
difference syntheses were 062, —0-75e¢ A3, 067,
—0-75 ¢ A3 near the Si atom, (4/0),., 0-002, 0-002.
Atomic scattering factors for neutral Si and S atoms
were taken from SHELXT76 (Sheldrick, 1976), for
Mg?* and Fe?* from Cromer & Mann (1968),
anomalous-dispersion coefficients for all atoms from
Cromer & Liberman (1970). Programs used were
SHELX76 (Sheldrick, 1976) for structure calcula-
tions and PLATON (Spek, 1982) for geometric cal-
culations.

Discussion. The stoichiometry and homogeneity of
the crystals were proved by X-ray microanalysis
using a scanning electron microscope. The results of
these analyses (see Table 1*) agree well with the
cation distributions calculated from the crystal struc-
ture refinements. Table 2 lists the atomic parameters,
equivalent isotropic thermal parameters and the

* Lists of structure factors and anisotropic thermal parameters
have been deposited with the British Library Document Supply
Centre as Supplementary Publication No. SUP 53067 (10 pp.).
Copies may be obtained through The Technical Editor, Interna-
tional Union of Crystallography, 5 Abbey Square, Chester CH1
2HU, England.
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Table 1. Chemical analyses (scanning electron micro-

scope)
Mg, .sFe(.cSiS, Mg Fe Si S
Measured (weight %) 13-50 17-11 12:68 56:15
Measured (atom %) 18:12 10-00 1473 57-15
Calculated (atom %)* 20-00 857 14-29 57-14
Mg, ssFeo.14SiS, Mg Fe Si S
Measured (weight %) 22-73 2:21 14-10 61-61
Measured (atom %) 27-51 1-17 14:77 56-54
Calculated (atom %)* 26-57 2-00 14-29 57-14

* From the refined occupancies in Table 2.

metal cation occupancies; bond distances and angles
are given in Table 3. Compared with Mg,SiS,
(Vincent, 1975) and Fe,SiS, (Vincent, Bertaut, Baur
& Shannon, 1976), no significant change of the mean
M(1)—S and M(2)—S bond distances or distortion
of the octahedra could be observed. The mean
M(1)—S and M(2)—S bond distances increase with
the Fe/(Fe + Mg) ratio.

The cation-ordering effects of the compounds
(Mg,Fe),SiS,, synthesized for the first time by us,
agree well with the results of crystal structure
refinements of lunaric and terrestric (Mg,Fe),SiO,
olivines reported by Finger (1970) and Wenk &
Raymond (1973), who also observed an enrichment
of Fe in the M(1) position. This type of Mg/Fe order
in olivines was also proven with M&ssbauer spectros-
copy (Bush, Hafner & Virgo, 1970). The degree of
order in the (Mg,Fe),SiO, olivines is much lower
than in our samples, since the distribution coeffi-
cients, Kp, for the exchange reaction Fey, +
MgM(,)ZFCM(l) + MgM(Z) are 3'69 and 426 fOI‘ our
thiosilicates, much greater than the values calculated
for the (Mg,Fe),SiO, olivines (0-97-1-39). (Here K,
is defined as X[Mga )l X[Fe )/ XIMg (1)) XTFe ps2)),
where X is the cation-site occupancy.)

The detected enrichment of Fe in the M(1) posi-
tion conflicts with the cation size (Shannon & Pre-
witt, 1969, 1970), since Fe?* (high spin: r = 0-78 A) is
larger than Mg?* (r = 0-72 A) and should prefer the
larger M(2) octahedron. The sense of ordering in our
compounds also disagrees with results of Burns
(1969), who investigated several (Mg,Fe),SiO,
olivines by measurements of polarized absorption
spectra and found an enrichment of Fe in the M(2)
position.

This study suggests that there may be cation-
ordering effects in (Mg,Fe),Sis, comparable to
olivines of the forsterite-fayalite series and detectable
by X-ray methods. It will be necessary to carry out
further investigations on thiosilicates of the olivine
structure type to find out whether the ordering
effects can also be detected by other analytical
methods (e.g. Mossbauer and IR spectroscopy),
especially since the crystal structure refinement
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Table 2. Fractional atomic coordinates, occupancies and equivalent isotropic thermal parameters (A%

Baq = 877'2(U|| +Up+t Ux;)/3~

Equipoint  x y
Mg,.,FeoeSiS,
M(1)  4() 0 0
MQ2) 4o 023039 (7) i
Si 4c) 041096 (8) i
S(1)  4(c)  0-40830 (6) i
S(2)  4(c) 056613 (6) i
S(3)  8(d) 0-33430 (4) 0-02186 (7)
Mg,.56F€0.145iSs
M(1)  4) 0 0
MQ) 4c) 023044 (4) i
si ) 041038 (3) i
S(1) 4c) 040767 (3) i
SQ2)  4()  0-56518 (3) i
S3) 8 0333712(2) 0-02360 (3)

Table 3. Bond distances (A) and angles (°)

Mg, .4Fey.SiS, Mg, ssF€0.1a51S4

Si tetrahedra

Si—S(1') 2:108 (1) 2:101 (1)
Si—S(2) 2:144 (1) 2-143 (1)
Si—S(3),5(3%) 2:139 (1) 2-139 (1)
S(1V)y—Si—S(3),5(3")* 114-7 (1) 114-6 (1)
S(1¥)—Si—S(2) 114:8 (1) 1147 (1)
S(3)y—Si—S(3%) 103-2 (1) 1032 (1)
S(2)—Si—S(3),S(3")* 104-0 (1) 104-2 (1)
M(1) octahedra

M(1")—S(1),S(1%* 2:581 (1) 2-604 (1)
M(1")—S(2),S(2)* 2533 (1) 2547 (1)
M(1M—S(3%,S(3")* 2-574 (1) 2:591 (1)
S(1),S(1—M(1")y—S(2),5(2")* 876 (1) 87:5 (1)
S(1),S(1—M(1")—S(2").S(2)* 924 (1) 925 (1)
S(1),S(1")—M(1")}—S(3%),5(3* 84-5 (1) 84-2 (1)
S(1),S(1"—M(1")—S(31),S(3")* 95:6 (1) 95-8 (1)
S(2).5(2—M(1")—S(3%),S(3")* 82-7 (1) 82:2 (1)
S(2),8(2" —M(1—S(3%),5(3)* 97-3 (1) 97-8 (1)
M(2) octahedra

M(2)—S(2) 2:543 (1) 2555 (1)
M(2)—S(3"),S(3")* 2:578 (1) 2600 (1)
M(2)—S(1) 2:619 (1) 2627 (1)
M(2—S(3),S(3")* 2:628 (1) 2:629 (1)
S(2)—M(2y—S(3),S(3%)* 94-0 (1) 94-1 (1)
S(2—M(2—S(3"%),S(3"%)* 93-3 (1) 93-1 (1)
S(3)—M(Q2y—S3™) 101-6 (1) 1024 (1)
S(39),S(3")—M(2)—S(1)* 89-5 (1) 89-2 (1)
S(3),S(3¥)—M(2)—S(3"),S(3")* 89-1 (1) 887 (1)
S(1—M(Q2)—S(3),539* 827 (1) 83-0 (1)
S3)y—M(2—S(3%) 79:3 (1) 792 (1)
SQ2)y—M(2)y—S(1) 175-6 (1) 1762 (1)
S(3),S(3H)—M(2y—S(3"),S(3")* 166-7 (1) 166-3 (1)

Symmetry code: (i) x—3, 31—, 3— 2 (i) x, 13—y, z (i) 17— x,
“pitn W i-xi+y iz, WM 1-xi+y 1 -2 (i) x,

z—1.

" * Two equivalent distances or angles.

z Occupancy B,
0 0283 ()Mg .
0217 (9 Fe %0
050848 (18) 0414 (Mg o
0086 (2) Fe
009344 (16) 05 0-60
073625 (14) 05 070
024055 (15) 05 071
024750 (10) 10 073
0 0444 ()Mg .
0056 ()Fe 0%
050820 9)  0487()Mg oo
0013 (1) Fe
009352(1) 05 063
073832 () 05 074
023935 (6) 05 074
0-24687 (4) 10 076

(Fuhrmann & Pickardt, 1989b) of (Mg,Mn),SiS,
showed no evidence of a significant Mg/Mn order
and in (Mn,Fe),SiS, a distinction between Mn and
Fe by X-ray methods was not possible. The detected
degree of Mg/Fe order in (Mg,Fe),SiS,, which is
much greater than in (Mg,Fe),SiO, olivines, should
also cause thermochemical effects.

We thank Dr H. U. Helfmeier, Zentraleinrichtung
Elektronenmikroskopie (ZELMI), for the analyses
with the scanning electron microscope and Professor
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the Fonds der Chemischen Industrie for financial
support.
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