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ABSTRACT

In order to clarify the symmetry problem along the stannite — késterite join [CuFeSnS, — Cup,ZnSnS,], a structural study of
synthetic Cu,Fe; «ZnSnS, single crystals was performed (x = 0, 0.2, 0.5, 0.7, 0.8 and 1, respectively). The metal distribution
among the tetrahedral cavities was determined by refining different models in both the 14 and 142m space groups. The best
agreement was obtained in 142m, even for the Zn-rich members of the series. However, two different mechanisms of incorpora-
tion take place along the stannite—késterite join. For pure stannite and zincian stannite (x = 0, 0.2, 0.5), the 2a position (0,0,0) is
mainly occupied by (Fe,Zn), whereas Cu is the dominant species at 4d (0,%2,%). For ferroan késterite and pure késterite (x = 0.7,
0.8, 1), the 2a position is fully occupied by Cu, whereas (Zn,Fe) and the remaining Cu are disordered at 4d. On the basis of the
structural results, pure Me—S bond-distances are proposed for Fe, Cu, Znin both 2a and 4d sites, and the metal distribution among
the tetrahedral sitesis obtained accordingly. For x = 0.7, the Me-S distance found for the atom located at 2a closely approaches
that found for the atom located at 4d, thus producing a more regular framework. Accordingly, distortion parameters \ and o2 of
the S(Me3Sn) tetrahedron decrease with increasing Zn. This feature, in turn, is the reason for the pseudocubic symmetry of the
|attice observed in the Zn-rich region (2a close to the ¢ parameter). The unit-cell volume linearly increases with increasing Zn,
thus confirming the mainly covalent character of the bonds in these compounds. The previously noted inversion of dlope in the
unit-cell parametersat x = 0.7 corresponds to the point of the serieswherein Cu becomes predominant at the 2a site. The proposed
model accounts for the structural and geometrical variations observed aong the stannite—késterite series, even if no change of
space group is assumed.
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SOMMAIRE

Afin d'éclaicir le probleme du changement de symétrie dans la solution solide entre stannite et késterite [Cu,FeSnS,; —
CupZnSnS,], nous avons entrepris une étude structurale de monocristaux synthétiques de CupFe;_«ZnSnSy, x =0, 0.2, 0.5, 0.7,
0.8 and 1, respectivement. Nous avons déterminé la distribution des atomes métalliques parmi les cavités tétraédriques par
affinement de différents modél es dans | es groupes spatiaux 14 et 142m. La meilleure solution est celle que nous obtenons dansle
groupe spatial 142m, méme pour les membres riches en zinc de la série. Toutefois, deux mécanismes différents d’ incorporation
sont en opération le long de |a série stannite—késterite. Dans le cas de la stannite pure et de la stannite zincifére (x = 0, 0.2, 0.5),
la position 2a (0,0,0) serait surtout remplie par (Fe,Zn), tandis que le Cu prédomine ala position 4d (0,',%4). Dansle cas de la
késterite ferreuse et de la késterite pure (x = 0.7, 0.8, 1), ¢’'est la position 2a qui est remplie de Cu, tandis que (Zn,Fe) et le reste
du Cu sont désordonnés ala position 4d. A lalumiére des résultats structuraux, nous proposons des longueurs de liaison Me-S
idéales pour Fe, Cu, et Zn dans les sites 2a et 4d, et nous obtenons ainsi la distribution des atomes métalliques sur les sites
tétraédriques. Pour les compositions ayant x > 0.7, la distance Me-S pour |’ atome situé au site 2a correspond a celle pour I’ atome
situé au site 4d, ce qui méne a une trame plus réguliére. Par conséquent, les indices de distorsion \ et o2 du tétraédre S(MesSn)
diminuent amesure qu’ augmente la proportion de Zn. C' est en fait laraison de la symétrie pseudocubique du réseau observée sur
I"intervalle de compositionsriches en zinc (2a se rapprochant du paramétre c). Le volume delamaille augmente de fagon linéaire
a mesure qu’ augmente la proportion de zinc, ce qui confirme le caractére surtout covalent des liaisons dans ces composés.
L’inversion dans |la pente des paramétres ax = 0.7 qui avait été établie antérieurement correspond au point dansla série ou le Cu
devient prédominant au site 2a. Notre modéle rend compte des variations structural es et géométriques|e long dela série stannite—
késterite, sans méme avoir a supposer un changement du groupe spatial.

(Traduit par la Rédaction)
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INTRODUCTION

The structures of stannite, Cu,FeSnS,, and késterite,
Cu,ZnSnS;, consist of accp array of sulfur atoms, with
metal atoms occupying one half of the tetrahedral voids.
The ordering of metal atoms leads to a sphalerite-de-
rivative tetragonal unit-cell, with a = ag and ¢ = 2agh.
However, owing to the presence of Sn, the packing of S
atomsslightly deviatesfromideality. According to Hall
et al. (1978), the stannite and késterite structures are
topologically identical, but differ in the distribution of
metal atoms, leading to different space-groups (142mfor
stannite and 14 for késterite, respectively). In this paper,
we report the results of a structural study on synthetic
crystals with chemical composition ranging from
CuyFeSnS, to Cup,ZnSnS,.

RevIEW OF THE LITERATURE

Thejoin between stannite, Cu,FeSnS;,, and késterite,
Cu,ZnSnS;, has been the object of considerable study
(Springer 1972, Hall et al. 1978, Kissin & Owens 1979,
1989, Kissin 1989, Corazza et al. 1986, Bernardini et
al. 1990, 2000). Kissin & Owens (1979) proposed the
existence of a miscibility gap between stannite and
késterite, supported by the discontinuity in the variation
of the cell parameters as a function of Zn:Fe ratio. On
the contrary, Corazza et al. (1986) proposed a continu-
ous solid-solution on the basis of the cell-parameter
trends determined by X-ray powder diffraction on sev-
eral natural samples. Bernardini et al. (1990) reached
the same conclusion in an investigation of the 750° and
550°C isotherms of the pseudobinary system CuyFe
SnS;—Cu,ZnSnS,. According to Bernardini et al.
(1990), homogeneous compounds were obtained with
bulk compositions ranging from the Fe to the Zn end-
member. An inversion of the trend of the unit-cell pa-
rameters was observed in the range 60—70 mole %
Cu,ZnSnS;, thus suggesting a possible transition from
142mto 14 for the Zn-rich members. On the other hand,
anew member of stannite-like composition was discov-
ered by Kissin & Owens (1989) and named ferro-
késterite; according to these authors, themineral differs
from stannitein having the space group 14. Intheir opin-
ion, the weakly anisotropic mineral having a stannite-
like composition previously described as isostannite
(Claringbull & Hey 1955) could correspond to ferro-
késterite. The discreditation of isostannite was approved
by IMA Commission on New Minerals and Mineral
Names (Kissin & Owens 1989). A cubic polymorph of
stannite, however, was documented during experimen-
tal investigations (Franz 1971, Wang 1982) by the pow-
der-diffraction approach. Note that acubic phasewith a
~ 2agy cannot easily be distinguished by powder-dif-
fraction datafrom the pseudocubic ferrokésterite (Kissin
& Owens 1989). The results recently obtained by
Evstigneeva & Kabalov (2001) and Evstigneeva et al.
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(2001) on the synthetic compound Cu,_xFe;xSnS, seem
to confirm the existence of the cubic* prototype” of stan-
nite (a = 5.4179 A, space group P43m). According to
these authors, the structure, determined by the Rietveld
method, is characterized by amixed population of Sn +
Fe (1a) and Cu + Fe + Sn (3c). Lastly, an EPR and
SQUID magnetometry study of synthetic end-members
as well as natural samples did not provide evidence of
the existence of distinct structural typesfor stannite and
késterite (Bernardini et al. 2000).

EXPERIMENTAL

Six single crystals of CuyFe;ZnSnS, (x =0, 0.2,
0.5, 0.7, 0.8 and 1, respectively) were selected from the
750°C quenched run-products synthesized by
Bernardini et al. (1990). In order to check the chemical
composition of theinvestigated crystals, replicate analy-
seson different spotswere carried out with aJEOL JXA
8600 electron microprobe. The crystals were found to
be homogeneous within the analytical uncertainty. The
chemical data are given in Table 1.

The unit-cell dimensions were determined by means
of least-squares refinements using the same set of re-
flections (36° < 26 < 54°), measured with a CAD4
single-crystal diffractometer. In order to check the true
symmetry, a redundant set of intensity data was col-
lected for each crystal. In Table 2, we report the crystal
data, together with the experimental details concerning
the collection of data. Intensity data were subsequently
reduced for Lorentz-polarization effects and corrected
for absorption using the semi-empirical method of North
et al. (1968) or, in the case of the crystal Fe020, with
the empirical correction of Blessing (1995). Structure
refinements were performed using the SHEL XL-93 pro-
gram (Sheldrick 1993). Scattering factors and anoma-
lous dispersion terms were taken from the I nternational
Tables for X-ray Crystallography, volume IV (Ibers &
Hamilton 1974). Tables of structure factors are avail-
able from the Depository of Unpublished Data, CISTI,
National Research Council, Ottawa, Ontario K1A 0S2,
Canada.

SYMMETRY

The two models proposed for the structure of these
compounds by Hall et al. (1978) are based on different
distributions of Cu, Zn, Fe atoms among the positions
at (0,0,0), (0,%5,4) and (0,%%,34). In_particular, the stan-
nite structureis consistent with the 142m symmetry, with
Fe located at the origin (2a), and Cu at 4d (0,%,%)
(model 1). On the other hand, in the késterite structure,
one Cu atom occupies the 2a (0,0,0) position, with Zn
and the remaining Cu atom ordered at 2c (0,'2,%) and
2d (0,%2,34), respectively (model 11). Owing to the dif-
ferent population at 2c and 2d, the mirror plane parallel
to (110) is lost (space group 14). In both structural
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TABLE 1. CHEMICAL COMPOSITION OF THE CRYSTALS INVESTIGATED ALONG THE JOIN STANNITE - KESTERITE

wi% range o (%) apfu wt% range G (%) apfu wt% range a (%) apfu
Fel0o Fe80 Fefs0
Fe 1277 12.61-12.80 0.06 0.59 1002 992-10.15 0.07 0.78 663  659-670 0.07 052
Cu 2952 29.45-29.60 0.05 201 2921 29.13-29.31 005 2.00 28.78 28.70-2890 0.05 198
Zn - - - ~ 317  3.08-321 011 0.21! 746  738-7.52 0.09 050
Sn 28.25 28.19-2834 0.05 1.03 2837 2826-2844 005 1.04 2796 27.88-28.00 0.05 1.03
S 2935 2930-2939 0.07 397 2930  29.19-2939 0.06 3.97 29.05 28.97-29.12 0.06 3.97
total 99.89 100.07 99.88
Fe30 Fe020 Fe000
Fe 393 387-397 010 031 277  265-281 011 022 - - - -
Cu 28.75 28.68-28.82 0.05 1.99 28.55 28.48-2861 0.05 198 2841 28.38-28.54 0.05 1.98
Zn 1054 1044-10.59 007 0.71 1224 12.21-1234 0.07 082 1478 14711487 0.07 1.00
Sn 27.80 27.71-2790 0.05 1.03 27.58 27.52-2768 0.05 1.02 28.09 27.92-28.15 0.06 1.05
S 28.87 28.79-28.94 0.06 396 28.81 28.78-28.88 0.06 396 2865 28.54-2871 0.06 3.96
total 99.89 99.96 99.93

Note: Mean valtues calculated on at least four points, analyzed by electron microprobe; chemical formulae (apf#) on the basis of eight

atoms.

TABLE 2. UNIT-CELL PARAMETERS AND EXPERIMENTAL DETAILS
OF INTENSITY-DATA COLLECTION FOR SIX CRYSTALS ON
THE JOIN STANNITE — KESTERITE

Felt) Fe080 Fe050 Fel30 Feh20 Fe000
a (&) 5.4495(6)  5.446(4)  5.4329(3) 5.4250(6)  S5428(1)  5.434(1)
¢ (A) 10.726(2)  10.757(8) 10.8235(8) 10.868{1)  10.864(1) 10.856(1)
V(A% 318.53(8)  319.0(4)  31947(3)  319.856) 320.09(9)  320.56(9)
erystal size (m) 110x120x200  80x100x100  120x120x150 110x110x120  20x60x80  160x180x230
instrument CAD4 CAD4 CAD4 CAD4 K/CCD CAD4
scan mode w-20 ®-20 ®-20 ®-20 @/p ©-20
scan widfh (°) 1.20 130 1.20 1.30 2.0* 1.40
scan speed 3.3%min  2.7°%min  3.3°%min 2.7 °%min 280 s/frame 3.3 °/min
28 max (MoK) 100 90 100 100 101 100
range of k! 011 010 01t 0—11 -1 11 0—11

0—11 010 0-11 0—11 -11 =11 0—=11

23523 2121 23523 2323 -12-523 235123

. measured refl. 1873 1495 1878 1880 2024 1880
Ry (I4) 3.02 3.59 4.78 2.50 524 4.36
n. unique refl. 867 686 869 866 732 866
n. observed refl. 867 648 858 835 653 861
(Fox4o (Fo))
Ry (14 2} 3.34 4.43 5.17 3.13 578 5.13
n. unigue refl. 528 423 530 528 491 528
n. observed refl. 528 410 527 519 433 525

(Fo>4c (Fo))

* rotation per I

ame
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Fic. 1. Structural models| (left) and Il (right) for stannite and késterite (after Hall et al.

1978).

TABLE 3. RESULTS OF PRELIMINARY REFINEMENTS IN THE SPACE GROUP /4
FOR SIX CRYSTALS ON THE JOIN STANNITE — KESTERITE

model A B C D
3 2a=TFe 2a=Cu
3 2¢=Cu 2c=Fe
= 2d=Cy 2d=Cu
Ryps=2.01 non-convergent
Ry =202
2 2¢a=08Fe+027Zn 2a=08Fe+02Cu 2a=08Cu+02Zn 2a=Cu
3 2c=Cu 2c=08Cu+02%4n 2c=08Fe+02Cu 2¢=08Fc+02Zn
= 2d="Cu 2d =Cu 2d="Cu 2d=Cu
Rops=3.00 Rops=3.09 non-convergent non-convergent
Rai=3.22 Ry=3.29
2 2a=05Fe+0572n 2¢=05Fe+05Cu 2¢=05Cu+054n 2a=Cu
3 2¢ =Cu 2e =05Cui05Zn 2¢=0.5Fe+05Cu 20=05Fe+0.57n
= 2d =Cu 2d =Cn 2d =Cu 2d =Cu
Robs=2.65 Rops=2.80 Rons=3.49 Rans=3.11
Rai=2.68 Ry —2.83 Ra=3.56 Ra=3.17
= 20=03Fe+077n 20=03Fe+07Cu 2a=03Cu+077Zn 2a=Cu
% 2e=Cu 2c=03Cu+07Zn 2c=03Fe+0.7Cu 2c=03Fe+0.77Zn
ol 2d=Cu 2d=Cu 2d=Cu 2d=Cu
Rops=2.72 Ros=2.92 Rops=3.06 Rops=2.66
Rau=2.85 Ran=3.03 Ry =324 Rau=2.79
o 2a=02Fc+087Zn 24=02Fc+0.8Cu 2z=02Cu+08Zn 2a=Cu
% 2e=Cu 2c=02Cu+08Zn 20=02Fc+08Cu 2¢=02Fe+0.8%n
- 2d=Cu 2d=Cy 2d=Cu 2d=Cu
Rons=3.81 Rops ™ 4.07 Rops=4.33 Rops=3.77
Ra=4.58 Ra=4.83 Ra=5.16 Ryi=4.53
s 2a =Zn 2a=Cu
3 2c=Cu 2c=Zn
B 2d =Cu 2d=Cu
Robs= 3.80 Rops=3.41
Ry =3.83 Ra—=3.47
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models, Snislocated at 2b (0,0,%2); Slies on the (110)
mirror plane at 8i (x,x,2) (model 1) or at the general po-
sition 8g (x,y,2) (model 1) (Fig. 1).

In order to determine the distribution of metal atoms
without symmetry constraints, the structure was prelimi-
narily refined in the 14 space group following the site-
assignment schemes reported in Table 3. From the
results, there is clear evidence for two distinct mecha-
nisms of substitution along the stannite—késterite join.
For pure stannite and zincian stannite (x = 0, 0.2, 0.5),
the better agreement is obtained with Fe, Zn at the 2a
position (column A, Table 3). For ferroan késterite and
pure késterite (x = 0.7, 0.8, 1), the better agreement is
obtained with Cu at 2a (column D, Table 3). However,
acareful examination of the structural details|[i.e., x(S)
=y (S); U11(S) = U ()] reveals the symmetry to be
consistent with the 142m space group within the limits
of experimental errors, even for the Zn-rich crystals. For
this reason, all the structure refinements were repeated
in 142m. The distributions of metal atoms reported in
Table 3 (A, B, C, D) were modified according to the
higher symmetry (E, F, G, H, respectively), by chang-
ing the pasitions of the metal atoms from 2c and 2d (14)
into 4d (142m). As expected, for x =0, 0.2 and 0.5, we
obtained a better R index with Fe, Zn at 2a (0,0,0) and
Cu at 4d (0,'5,%); for x = 0.7, 0.8 and 1, the lower val-
ues of R were achieved with Cu at 2a (0,0,0) and Cu,
Zn, Fe at 4d (0,%2,%). Site occupancies were fixed dur-
ing the structure refinements. It is noteworthy that the R
values obtained in the 142m symmetry (Table 4) are
lower than those obtained in 14 also for késterite, thus
suggesting adisordered distribution of Cu, Znand Fe at
4d. In Figure 2, we report the normalized values |Rjg y =
Ren / (Re + Ry) obtained in 142m for a model with
Fe,Zn at 2a (model E) and with Cu at 2a (model H),
respectively, as a function of the Zn content. It clearly
appears that the improvement of model E with respect
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to model H becomes gradually poorer asthe Zn content
increases. As for compositions with x = 0.7 and 0.8,
models E and H become nearly equivalent, because the
mean number of electronsfor 0.75 Zn + 0.25 Fe equals
that of Cu. Values of R indices corresponding to the fi-
nal models are given in Table 4, together with coordi-
nates, isotropic displacement parameters and site
scattering.

\o o
_ D>6:6<Ot

0'2 1 1 1 L 1 n 1 n | 1 I*
00 02 04 06 08 10

Zn (apfin)

Fic. 2. _Normalized values|R|gn = Ren / (Re + Ry) obtained
in 142mfor the model E and H plotted against Zn content.
The empty squares and empty circles correspond to |R|e
(Fe,Zn at 2a) and |R|y (Cu at 2a), respectively.

TABLE 4. ATOM PARAMETERS OF THE FINAL MODELS (SPACE GROUP / 42m),
TOGETHER WITH THE CORRESPONDING R INDICES
FOR SIX CRYSTALS ON THE JOIN STANNITE — KfiSTERITE

Felo0

Fe0s0 Fe050 Fet30 Fe()20 Fe000

x(S) TISS8US) TSS9 TSSAS(T)  75621(6)  LISGLI(T)  .7S617(8)
2 (S) 87012(3)  .B7028(6)  87072(4)  B7I85(4)  .8TISA@)  .87208(5)
Usq (2a) 01219(6)  01227(11)  .01481(8)  .DIT34(8)  .01969(11) .01516(11)
U.q (2) 01025(4) 00987(8)  .01079(6)  .00985(5)  .01328(9)  .00711(7)
Ueq (4d) 01924(6)  01865(10)  01843(7)  .01S58(6)  .0I78L(9)  .01300(8)
Ueg (81) O1I34(8)  .01100(11)  .01123(8)  .01030(8)  .0I236(14)  .00775(11)
5.5, (2a) 26.0 268 28.0 29.0 29.0 29,0
5.5, (2b) 50.0 50.0 50,0 50.0 50.0 50.0
5.5, (4d) 29.0 29.0 29.0 289 29.1 205
5.5 {81) 16.0 16.0 16.0 16.0 16.0 16.0
Rops (%) 1.30 232 2.22 2,03 173 2.90

R (%) 1.30 236 223 2.04 4.52 202

Note: s.s. = site scattering fixed during the structure refinements



MEeTAL DISTRIBUTION AND BOND DISTANCES

In view of the difficulties in speculating on bond
distances in terms of geometrical criteria in non-ionic
compounds, we can only tentatively compare the rela-
tive variations as afunction of the variation in chemical
composition.

An apparent unusual feature is the difference be-
tween the value of the Cu-S distance at 4d (0,Y2,%) for
the Fe100 crystal (2.318 A) and that at 2a (0,0,0) for the
Fe000 crystal (2.332 A). It isreasonableto attribute this
difference to the presence of the relatively large Sn
atom, which occupies half of the tetrahedral cavities at
z =0, %. Owing to symmetry constraints, in fact, the
position along the c axis of the unique sulfur atom de-
pends on the cation population at the z= 0, ¥ layer as
well asthat at the z= %, % layer. Therefore, the Me-S
distances (Me = Fe, Zn, or Cu) in the tetrahedralocated
at z= 0, % are affected by the presence of Sn at the
same level. This accounts for the unusual value of the
Fe-S distance in Fel00 (2.341 A) which, as aready
pointed out by Hall et al. (1978), is much longer than
those observed for Fe-S in chalcopyrite-type minerals
(Hall 1975). The distance between adjacent layers of
sulfur atoms along [001] is plotted in Figure 3. As ex-
pected, along the entire compositional range, the thick-
ness of the layer at z= 0, ¥ ismuch greater than that of
the layer at z= %, %. For this reason, in order to obtain
the metal distribution among the tetrahedral sites, dis-
tances belonging to different positions cannot be com-

2.80 | A .
| A-——A TA-A |
275 F .
< 270 F -
4
265 F /v—v/V ]
2,60 + /v -
v
1 M 1 1 1 L 1

0.0 0.2 04 0.6 0.8 1.0
Zn (apfu)

Fic. 3. Distances between adjacent sulfur layers along [001]
plotted against Zn content. The solid upward triangles and
the empty downward trianglesrefer to thelayersat z=0, 15
and at z = %, %, respectively.
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pared. The " pure’ Me-Sdistances were assumed to have
the following values: [Fe-S] 2, = 2.341 A and [Cu-S]q
= 2.318 A from the refinement of Fe100; [Cu-S]2, =
2.332 A from the refinement of Fe000; [Zn-S]4g = 2.350
A was extrapolated assuming an atomic population of
0.5Zn + 0.5 Cu at 4d (0,%2,%) in Fe000. Taking into
account the observed difference A(Fey, — Cuzs) = 0.009
A and A(Zngg — Cuag) = 0.032 A, the following pure
Me-S distances were tentatively assumed: [Fe-S]4q =
2.327 A and [Zn-S],, = 2.364 A. The site population
for 2a and 4d positionsreported in Table 5 was obtained
on the basis of the mean number of electrons (Table 4),
using the pure Me-S distances. Theoretical distances
(Me-S4c) were then calculated accordingly (Table 5).
Asshownin Figure 4, asatisfactory agreement between
the theoretical and observed distances in the Me-S tet-
rahedron is obtained (r = 0.998) along the entire com-
positional range. For x = 0.7, the distance found for the
Me atom located at 2a position closely approaches that
found for the atom located at 4d position, thus produc-
ing a more homogeneous set of Me-S distances. As a
consequence, the distortion parameters X and o2 of the
S(Me3Sn) tetrahedron decrease with increasing Zn con-
tent (Fig. 5). The 2b position was assumed to be occu-
pied by Sn alone for all crystals examined, in spite of
the dight gradual variation of the Sn-S distance over
the interval from 2.414 to 2.409 A.

2344 1

23361 7

(Me-S),,c (A)

2.320 7

2.336 2.344

(A)

2.328 '
(Me-S)

2.320
obs

Fic. 4. Calculated versus observed Me-S distance for metals
at 2a (solid upward triangles) and 4d (empty downward
triangles). The equation of the regression lineis: y = 0.98x
+0.038 (r = 0.998).
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TABLE 5. SELECTED BOND-DISTANCES (A) AND ANGLES (°), TOGETHER WITH THE ESTIMATED
SITE-POPULATIONS, FOR SIX CRYSTALS ON THE JOIN STANNITE — KESTERITE

Feloo Fe80 Feli50 Fe030 Fe020 Fe(00
(2a)
s p. Fero FepgsZng 14Cugos  Fep0Zno20Cuo.a0 Cuigo Cuy oo Cuygo
(Me-S)ups (x4) 2.341(1) 2.345(1) 2.343(1) 2.332(1) 2.333(1) 2.332(1)
S-Me-S (x4) 110.73(1) 110.74(3) 110.90(1) 110.90¢1) 110.86(1) 110.76(2)
§-Me-S (x2) 106.98(2) 106.97(7) 106.65(2) 106.66(3) 106.72(3) 106.92(3)
o 3.757 3.778 4819 4.798 4.566 3953
(Me-S)aale 2.341 2.344 2.342 2.332 2332 2.332
(26)
Sop Sny oo Sny oo Sy 00 Sny e Sni 00 Snj 00
(Me-S)ops (34) 2.414(1) 2.411(2) 2.410(1) 2.409(1) 2,409(1) 2.409(1)
§-Me-S (x4) 109.45(1) 109.57(3) 109.69(1) 109.53(1) 109.51(1) 109.41(1)
$-Me-S (x2) 109.51(2) 109.27(7) 109.03(2) 109.36(2) 109.39(3) 109.60(3)

0.001 0.024 0.118 0.007 0.004 0.010
(4d)
5. p. Cuzoo FepmZnoosCuier FegroZngseCuige FeospZnomCurge  FeozoZnosCuroo Zni eoCuyoo
(Me-S)ops (x4) 2.318(1) 2.320(1) 2.323(1) 2.331(1) 2.332(1) 2.334(1)
S-Mo-S (x4) 107.99¢1) 108.12(3) 108.44(1) 108.82(1) 108.80(1) 108.80(1)
S-Me-S (x2) 112.47(2) 112.21(6) 111.56(2) 110.77(2) 110.82(2) 110.82(2)
¢ 5.352 4.468 2.607 1.011 1.095 1.084
(Me-S)ear 2.318 2,319 2.323 2.331 2.332 2,334

Note: the angle variance &~ was computed according to Robinson et al. (1971)
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Fic. 5. Distortion parameters of the S(Me3Sn) tetrahedron
plotted against Zn content. Quadratic elongation (\) and
angle variance o2 were computed according to Robinson et
al. (1971).

CoNCLUDING REMARKS

Asshownin Figure 6, the unit-cell volumeincreases
linearly with increasing Zn content, in atoms per for-
mulaunit, apfu [vol (A3) = 318.56(5) + 1.94(9) (ZNngpru),
r = 0.996], which confirms the mainly covalent charac-
ter of the chemical bond in these compounds (ionic ra-
dii: Fe > Zn). The previously noted inversion of slope
in the unit-cell parameter plot at x = 0.7 (Fig. 6) corre-
sponds to the point in the series at which Cu becomes
dominant at the 2a site. The combined entry of the
smaller atom (Cu) in the larger tetrahedron (2a), and
the increase in the proportion of the larger atom (Zn) in
the smaller tetrahedron (4d), causesthe mean Me-Sdis-
tances in the (2a) and (4d) tetrahedra to converge to-
ward a common value (Fig. 7). Thisfeature, in turn, is
the reason for the pseudocubic symmetry of the struc-
ture observed in the Zn-rich region (2a close to c). Ac-
cording to Kissin & Owens (1979), the discontinuity in
the cell-parameter plot supportsthe hypothesisthat stan-
nite and késterite crystallize in two different space-
groups. On the contrary, we contend that the “pure”
bond distances for Fe, Cu, and Zn in both 2a and 4d
sites account well for the structural and geometrical
variations observed along the stannite—késterite series,
even if no changein the space group (142m) is assumed.
Although we cannot exclude the possibility that miner-
als of the CuyFeSnS, — Cu,ZnSnS, series can crystal-
lizein different space-groups in nature, we believe that
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Fic. 6. Variation of the lattice parameters (2a: circles, c:
squares) and the unit-cell volume (diamonds) as afunction
of Zn content.

a discontinuity in the trend of the cell parameters does
not necessarily imply a change in space group.
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