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A MODEL FOR THE MECHANISM OF INCORPORATION OF Cu, Fe AND Zn
IN THE STANNITE – KËSTERITE SERIES, Cu2FeSnS4 – Cu2ZnSnS4
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ABSTRACT
In order to clarify the symmetry problem along the stannite – kësterite join [Cu2FeSnS4 – Cu2ZnSnS4], a structural study of
synthetic Cu2Fe1–xZnxSnS4 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 I4̄ and I4̄2m space groups. The best
agreement was obtained in I4̄2m, even for the Zn-rich members of the series. However, two different mechanisms of incorporation take place along the stannite–kësterite 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 (0,½,¼). For ferroan kësterite and pure kësterite (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, Zn in both 2a and 4d sites, and the metal distribution among
the tetrahedral sites is 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 2 of
the S(Me3Sn) tetrahedron decrease with increasing Zn. This feature, in turn, is the reason for the pseudocubic symmetry of the
lattice observed in the Zn-rich region (2a close to the c 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 slope in the
unit-cell parameters at x = 0.7 corresponds to the point of the series wherein Cu becomes predominant at the 2a site. The proposed
model accounts for the structural and geometrical variations observed along the stannite–kësterite series, even if no change of
space group is assumed.
Keywords: stannite, kësterite, structure refinements, symmetry.

SOMMAIRE
Afin d’éclaicir le problème du changement de symétrie dans la solution solide entre stannite et kësterite [Cu2FeSnS4 –
Cu2ZnSnS4], nous avons entrepris une étude structurale de monocristaux synthétiques de Cu2Fe1–xZnxSnS4, 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 modèles dans les groupes spatiaux I4̄ et I4̄2m. La meilleure solution est celle que nous obtenons dans le
groupe spatial I4̄2m, même pour les membres riches en zinc de la série. Toutefois, deux mécanismes différents d’incorporation
sont en opération le long de la série stannite–kësterite. Dans le cas de la stannite pure et de la stannite zincifère (x = 0, 0.2, 0.5),
la position 2a (0,0,0) serait surtout remplie par (Fe,Zn), tandis que le Cu prédomine à la position 4d (0,½,¼). Dans le cas de la
kësterite ferreuse et de la kësterite pure (x = 0.7, 0.8, 1), c’est la position 2a qui est remplie de Cu, tandis que (Zn,Fe) et le reste
du Cu sont désordonnés à la position 4d. A la lumière 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 l’atome situé au site 2a correspond à celle pour l’atome
situé au site 4d, ce qui mène à une trame plus régulière. Par conséquent, les indices de distorsion  et 2 du tétraèdre S(Me3Sn)
diminuent à mesure qu’augmente la proportion de Zn. C’est en fait la raison de la symétrie pseudocubique du réseau observée sur
l’intervalle de compositions riches en zinc (2a se rapprochant du paramètre c). Le volume de la maille augmente de façon linéaire
à mesure qu’augmente la proportion de zinc, ce qui confirme le caractère surtout covalent des liaisons dans ces composés.
L’inversion dans la pente des paramètres à x = 0.7 qui avait été établie antérieurement correspond au point dans la série où le Cu
devient prédominant au site 2a. Notre modèle rend compte des variations structurales et géométriques le long de la série stannite–
kësterite, sans même avoir à supposer un changement du groupe spatial.
(Traduit par la Rédaction)
Mots-clés: stannite, kësterite, affinement de la structure, symétrie.
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INTRODUCTION
The structures of stannite, Cu2FeSnS4, and kësterite,
Cu2ZnSnS4, consist of a ccp array of sulfur atoms, with
metal atoms occupying one half of the tetrahedral voids.
The ordering of metal atoms leads to a sphalerite-derivative tetragonal unit-cell, with a ≈ asph and c ≈ 2asph.
However, owing to the presence of Sn, the packing of S
atoms slightly deviates from ideality. According to Hall
et al. (1978), the stannite and kësterite structures are
topologically identical, but differ in the distribution of
metal atoms, leading to different space-groups (I4̄2m for
stannite and I4̄ for kësterite, respectively). In this paper,
we report the results of a structural study on synthetic
crystals with chemical composition ranging from
Cu2FeSnS4 to Cu2ZnSnS4.

REVIEW OF THE LITERATURE
The join between stannite, Cu2FeSnS4, and kësterite,
Cu2ZnSnS4, 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
kësterite, 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 continuous solid-solution on the basis of the cell-parameter
trends determined by X-ray powder diffraction on several natural samples. Bernardini et al. (1990) reached
the same conclusion in an investigation of the 750° and
550°C isotherms of the pseudobinary system Cu2Fe
SnS 4–Cu 2 ZnSnS 4. According to Bernardini et al.
(1990), homogeneous compounds were obtained with
bulk compositions ranging from the Fe to the Zn endmember. An inversion of the trend of the unit-cell parameters was observed in the range 60–70 mole %
Cu2ZnSnS4, thus suggesting a possible transition from
I4̄2m to I4̄ for the Zn-rich members. On the other hand,
a new member of stannite-like composition was discovered by Kissin & Owens (1989) and named ferrokësterite; according to these authors, the mineral differs
from stannite in having the space group I4̄. In their opinion, the weakly anisotropic mineral having a stannitelike composition previously described as isostannite
(Claringbull & Hey 1955) could correspond to ferrokësterite. 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 experimental investigations (Franz 1971, Wang 1982) by the powder-diffraction approach. Note that a cubic phase with a
≈ 2asph cannot easily be distinguished by powder-diffraction data from the pseudocubic ferrokësterite (Kissin
& Owens 1989). The results recently obtained by
Evstigneeva & Kabalov (2001) and Evstigneeva et al.

(2001) on the synthetic compound Cu2–xFe1–xSnS4 seem
to confirm the existence of the cubic “prototype” of stannite (a = 5.4179 Å, space group P4̄3m). According to
these authors, the structure, determined by the Rietveld
method, is characterized by a mixed 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 types for stannite and
kësterite (Bernardini et al. 2000).

EXPERIMENTAL
Six single crystals of Cu2Fe1–xZnxSnS4 (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 the investigated crystals, replicate analyses on different spots were carried out with a JEOL 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 reflections (36° < 2 < 54°), measured with a CAD4
single-crystal diffractometer. In order to check the true
symmetry, a redundant set of intensity data was collected 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 SHELXL-93 program (Sheldrick 1993). Scattering factors and anomalous dispersion terms were taken from the International
Tables for X-ray Crystallography, volume IV (Ibers &
Hamilton 1974). Tables of structure factors are available 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), (0,½,¼) and (0,½,¾). In particular, the stannite structure is consistent with the I4̄2m symmetry, with
Fe located at the origin (2a), and Cu at 4d (0,½,¼)
(model I). On the other hand, in the kësterite structure,
one Cu atom occupies the 2a (0,0,0) position, with Zn
and the remaining Cu atom ordered at 2c (0,½,¼) and
2d (0,½,¾), respectively (model II). Owing to the different population at 2c and 2d, the mirror plane parallel
to (110) is lost (space group I4̄). In both structural
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FIG. 1. Structural models I (left) and II (right) for stannite and kësterite (after Hall et al.
1978).

THE STANNITE

–

models, Sn is located at 2b (0,0,½); S lies on the (110)
mirror plane at 8i (x,x,z) (model I) or at the general position 8g (x,y,z) (model II) (Fig. 1).
In order to determine the distribution of metal atoms
without symmetry constraints, the structure was preliminarily refined in the I4̄ space group following the siteassignment schemes reported in Table 3. From the
results, there is clear evidence for two distinct mechanisms of substitution along the stannite–kësterite 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 kësterite and
pure kësterite (x = 0.7, 0.8, 1), the better agreement is
obtained with Cu at 2a (column D, Table 3). However,
a careful examination of the structural details [i.e., x(S)
= y (S); U11(S) = U22 (S)] reveals the symmetry to be
consistent with the I4̄2m space group within the limits
of experimental errors, even for the Zn-rich crystals. For
this reason, all the structure refinements were repeated
in I4̄2m. 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 changing the positions of the metal atoms from 2c and 2d (I4̄)
into 4d (I4̄2m). 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 (0,½,¼); for x = 0.7, 0.8 and 1, the lower values of R were achieved with Cu at 2a (0,0,0) and Cu,
Zn, Fe at 4d (0,½,¼). Site occupancies were fixed during the structure refinements. It is noteworthy that the R
values obtained in the I4̄2m symmetry (Table 4) are
lower than those obtained in I4̄ also for kësterite, thus
suggesting a disordered distribution of Cu, Zn and Fe at
4d. In Figure 2, we report the normalized values |R|E,H =
RE,H / (RE + RH) obtained in I4̄2m 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 as the 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 electrons for 0.75 Zn + 0.25 Fe equals
that of Cu. Values of R indices corresponding to the final models are given in Table 4, together with coordinates, isotropic displacement parameters and site
scattering.

FIG. 2. Normalized values | R |E,H = RE,H / (RE + RH) obtained
in I4̄2m for 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 |H (Cu at 2a), respectively.
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METAL 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 relative variations as a function of the variation in chemical
composition.
An apparent unusual feature is the difference between the value of the Cu–S distance at 4d (0,½,¼) for
the Fe100 crystal (2.318 Å) and that at 2a (0,0,0) for the
Fe000 crystal (2.332 Å). It is reasonable to attribute this
difference to the presence of the relatively large Sn
atom, which occupies half of the tetrahedral cavities at
z = 0, ½. Owing to symmetry constraints, in fact, the
position along the c axis of the unique sulfur atom depends on the cation population at the z = 0, ½ layer as
well as that at the z = ¼, ¾ layer. Therefore, the Me–S
distances (Me = Fe, Zn, or Cu) in the tetrahedra located
at z = 0, ½ are affected by the presence of Sn at the
same level. This accounts for the unusual value of the
Fe–S distance in Fe100 (2.341 Å) which, as already
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 expected, along the entire compositional range, the thickness of the layer at z = 0, ½ is much greater than that of
the layer at z = ¼, ¾. For this reason, in order to obtain
the metal distribution among the tetrahedral sites, distances belonging to different positions cannot be com-

FIG. 3. Distances between adjacent sulfur layers along [001]
plotted against Zn content. The solid upward triangles and
the empty downward triangles refer to the layers at z = 0, ½
and at z = ¼, ¾, respectively.

pared. The “pure” Me–S distances were assumed to have
the following values: [Fe–S]2a = 2.341 Å and [Cu–S]4d
= 2.318 Å from the refinement of Fe100; [Cu–S]2a =
2.332 Å from the refinement of Fe000; [Zn–S]4d = 2.350
Å was extrapolated assuming an atomic population of
0.5 Zn + 0.5 Cu at 4d (0,½,¼) in Fe000. Taking into
account the observed difference ⌬(Fe2a – Cu2a) = 0.009
Å and ⌬(Zn4d – Cu4d) = 0.032 Å, the following pure
Me–S distances were tentatively assumed: [Fe–S]4d =
2.327 Å and [Zn–S]2a = 2.364 Å. The site population
for 2a and 4d positions reported 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–Scalc) were then calculated accordingly (Table 5).
As shown in Figure 4, a satisfactory agreement between
the theoretical and observed distances in the Me–S tetrahedron is obtained (r = 0.998) along the entire compositional 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 producing a more homogeneous set of Me–S distances. As a
consequence, the distortion parameters  and 2 of the
S(Me3Sn) tetrahedron decrease with increasing Zn content (Fig. 5). The 2b position was assumed to be occupied by Sn alone for all crystals examined, in spite of
the slight gradual variation of the Sn–S distance over
the interval from 2.414 to 2.409 Å.

FIG. 4. Calculated versus observed Me–S distance for metals
at 2a (solid upward triangles) and 4d (empty downward
triangles). The equation of the regression line is: y = 0.98x
+ 0.038 (r = 0.998).
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FIG. 5. Distortion parameters of the S(Me3Sn) tetrahedron
plotted against Zn content. Quadratic elongation () and
angle variance 2 were computed according to Robinson et
al. (1971).

As shown in Figure 6, the unit-cell volume increases
linearly with increasing Zn content, in atoms per formula unit, apfu [vol (Å3) = 318.56(5) + 1.94(9) (Znapfu),
r = 0.996], which confirms the mainly covalent character of the chemical bond in these compounds (ionic radii: Fe > Zn). The previously noted inversion of slope
in the unit-cell parameter plot at x = 0.7 (Fig. 6) corresponds 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), causes the mean Me–S distances in the (2a) and (4d) tetrahedra to converge toward a common value (Fig. 7). This feature, in turn, is
the reason for the pseudocubic symmetry of the structure observed in the Zn-rich region (2a close to c). According to Kissin & Owens (1979), the discontinuity in
the cell-parameter plot supports the hypothesis that stannite and kësterite crystallize in two different spacegroups. 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–kësterite series,
even if no change in the space group (I4̄2m) is assumed.
Although we cannot exclude the possibility that minerals of the Cu2FeSnS4 – Cu2ZnSnS4 series can crystallize in different space-groups in nature, we believe that
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FIG. 7. Me–S bond distances plotted against Zn content. The
solid upward triangles and the empty downward triangles
refer to the metal atoms located at 2a and at 4d, respectively.

FIG. 6. Variation of the lattice parameters (2a: circles, c:
squares) and the unit-cell volume (diamonds) as a function
of Zn content.
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a discontinuity in the trend of the cell parameters does
not necessarily imply a change in space group.
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