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The geometry of crystalline bonding in pyrite-structure disul-
fides MS, is investigated for the M = Mn, Fe, Co, Ni, Cu se-
ries. The decomposition of interatomic distances by the ionic
radii approach is first shown to yield metal ion values ry in-
consistent with state-of-the-art data. The bonding geometry is
subsequently analyzed by assuming sulfur ions to become el-
lipsoidally deformed in accordance with their crystallographic
site symmetry. It is derived, how the S bonding coordination
can be modeled by a polar radius # in direction of the trigonal
axis and an equatorial radius r, perpendicular to it. Sulfur

1 Introduction The crystallographic structure of py-
rite as taken by the name-giving chemical compound of
composition FeS, was among the earliest structures solved
by X-ray diffraction procedures. Already in 1914 William
Lawrence Bragg derived from X-ray powder reflection pat-
terns that the Fe ions build up a face-centered cubic lattice,
into which the sulfur ions are embedded [1]. Herein, the
latter reside on (111) diagonals and group in S, pairs or
dumbbells. While the Fe ions are nearly octahedrally coor-
dinated, the sulfur surrounding is that of a tetrahedron with
3Fe forming the basis and the neighbor S residing on top.
The pyrite structure is related to that of fluorite, but while
F ions in CaF, occupy the center positions (1/4 1/4 1/4) etc.
within the eight subcubes of the Ca fcc lattice, sulfur ions
in FeS, exhibit a further structural degree of freedom char-
acterized by a positional parameter u that specifies their
positions (uuu) etc. along (111) axes. The full site symme-
try of Fe and S is accounted for by point group Cs; and Cj,

ions are found to compress along the symmetry axis yielding
r1/ry ratios between 1.55 and 1.73 in the MnS,—CusS; series
and the additivity of the interatomic M—S distance from ion-
specific parameters is re-established. A constant volume of
Vs =0.0133 nm’ is consistently attained by sulfur ions in all
MS, investigated. Finally, the crystal electric field acting at
sulfur sites is uncovered to determine the ion deformation rat-
io (. —#)/3/3Vy/(4m) with unexpected precision. These re-
sults imply that polarizable ions at polar lattice sites should
appropriately be modeled by ellipsoids rather than by spheres.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

respectively, while the primitive unit cell belongs to space
group T or Pa3 (No. 205 according to International Ta-
bles for Crystallography [2]).

Since the early days of crystallography pyrite-type
compounds became a fundamental testing ground of solid
state physics due to their interesting structure-property re-
lations [3, 4]. The prototype compound FeS, is a semicon-
ductor and it was realized by Tributsch that semiconduc-
tors from the group of transition metal dichalcogenides
should have the advantage of not essentially weakening
chemical bonding on charge carrier generation [5]. In par-
ticular, the high absorption coefficient of pyrite FeS, for
visible light offered promising perspectives for thin film
photovoltaics [6—8]. For this application the introduction
of few amounts of Fe-substituting Zn was favored in a
theoretical study [9]. At the current state of knowledge,
however, the decisive obstacle for a broad application of
pyrite in large-area electronics seems to be related to the
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sulfur deficiency that might be associated with the forma-
tion of defect bands in the forbidden zone [10—12]. Nu-
merous applications of pyrite-structure dichalcogenides for
energy storage [13], thermoelectrics, corrosion protections
and other areas are intensively investigated at the moment.
Of particular interest appears the role played by photo-
electrochemical processes on pyrite surfaces in the pre-
biotic evolution on our planet [14, 15].

Although pyrite-type compounds belong to the group
of most-intensively studied crystalline solids, the pyrite
structure still hides a geometric secret that is related to its
incompatibility with the concept of ionic radii. This geo-
metrical modeling has successfully been used for the pre-
diction of interatomic distances in crystalline solids mainly
from the groups of halides and oxides [16, 17], but yields
conflicting results of only little usefulness for sulfides and
other heteropolar crystals. It has been proposed by Birk-
holz that these contradictions may be resolved, when the
effects of crystal electric fields and ionic polarization are
taken into account as they occur at polar lattice sites in het-
eropolar crystals [18]. Such a crystal electric field also
arises on sulfur lattice sites of point group symmetry C;
and its strength has first been determined in Ref. [19]. It
leads to various interesting physical consequences like the
polarization energy that has to be included into crystal en-
ergy considerations [19, 20] and a deformation of sulfur
electronic orbitals, by which the high optical absorption
coefficient of pyrite in a Stark effect like manner may be
understood [21].

It will be investigated in this work whether the non-
inversional site symmetry, to which sulfur ions are sub-
jected in the pyrite lattice, is associated with a deviation of
the ions shape from the form of a sphere. Within the
framework of the presented model, sulfur ions in MS, will
be regarded as deformable ellipsoids rather than rigid
spheres. For this purpose, the geometrical shape of S ions
will be described by a polar radius 7, and an equatorial ra-
dius 7, directed along the (111) symmetry axis and perpen-
dicular to it. It will be shown that the ellipsoidal deforma-
tion is governed by the strength of the crystal electrical
field E.r active on sulfur lattice sites and that consistent
sets of ionic volumes rather than ionic radii are obtained by
application of the concept to different pyrite disulfides. Be-
fore presenting the derivations and results, the classical as-
sumption of spherical ion shapes will be shown to result in
metal ion radii ry, that are incompatible with state-of-the-
art values as derived from the bond distance analysis of a
large set of crystalline solids.

2 Failure of the concept of ionic radii The crystal
radii of the sulfur and metal ions will now be determined
by the conventional approach of decomposing the bond
length between anions and cations, from which the crystal
is composed of. For this purpose, only sulfur containing
pyrite compounds MS, from 3d transition metals, M = Mn,
Fe, Co, Ni and Cu, will be considered, because their struc-
tural parameters have been determined with high accuracy
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[22—26]. ZnS, will not be considered here, since structural
parameters of the required precision are still missing to the
best knowledge of the authors. The metal and sulfur ions
will as usual be represented by formally divalent and
monovalent ions M** and S". The radii obtained will be
compared to the state-of-the-art values as given by Shan-
non and Prewitt [16] and Shannon [17], who analyzed a
number of some hundred fluoride and oxide crystals and
categorized the data according to the charge and spin state
of ions and according to their coordination number and
bonding geometry (abbreviated by SPS in the following).

Figure 1 shows a section along the (110) plane through
the pyrite unit cell displaying the S, dumbbell at (uuu) and
(uuu) and the Fe ions at (1/21/20) and (1/21/2 1) from
the first sulfur bonding spheres, while other Fe ions are
omitted for clarity. The interatomic distances between
metal-sulfur and sulfur—sulfur sites are denoted by d,,5 and
dss in the figure and depend on lattice constant a and sulfur
positional parameter # through

dg =av3(1-2u), (1)
dys =ay 202 =u) +u* . ©)

The two sulfur ions are modeled by spheres of radius rg
that touch at (1/21/21/2), from which it may be deduced
that the sulfur ions exhibit an ionic radius of

ro=dy/2=a3(1/2-u). 3)

[001]

[110] —
Tm

Figure 1 (online colour at: www.pss-b.com) (110) section

through MS, pyrite unit cell with spherical representation of M>*

and S~ ions. Other metal ions than nearest neighbors of sulfur
ions have been omitted.
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Table 1 Structure parameters a and u of some pyrite-type sulfides MS, from cited references and derived quantities sulfur—sulfur and
metal—sulfur bond lengths ds and d,, sulfur ionic radius r,, metal ionic radius r,, according to Eq. (4), metal ionic radius according to

SPS 7y [16, 17], relative difference 6r,, between r, and 7yp.

MS, a u Ref. dg dys 7 m Prisp ory,
(nm) (nm) (nm) (nm) (nm) (nm)

FeS, 0.54160 0.38484 [22] 0.2161 0.2263 0.1080 0.1183 0.061 94%

CoS, 0.55385 0.38987 [23] 0.2113 0.2325 0.1056 0.1269 0.065 95%

NiS, 0.56852 0.39454 [24] 0.2077 0.2398 0.1038 0.1359 0.069 97%

CuS, 0.57891 0.39878 [25] 0.2030 0.2453 0.1015 0.1438 0.073 97%

MnS, 0.6104 0.4011 [26] 0.2091 0.2593 0.1046 0.1547 0.083 86%

From this result the ionic radii of the metal ions may be de-
rived. In the firstly assumed model of rigid ion spheres to
describe both the metal and the sulfur ions, the metal ion
radius ry simply becomes the difference between bond
length and sulfur ionic radius

B =dys =T - “)
Values according to this straightforward approach have
been determined for dy, dss, 75 and ry, for a set of sulfur-
containing pyrite compounds and are given in Table 1. The
sulfur radius 7 is seen from the table to attain a nearly con-
stant value of 0.104 nm and to vary by only +2% in the 3d
MS, series. This value appears rather small, when com-
pared to two-fold negatively charged S* ions exhibiting an
ionic radius of 0.184 nm [16]. Although both ions S~ and
S*" differ by their net charge, the difference of about 80%
appears implausible large to be caused by the addition of a
single electron or — differently stated — the ionic radius of
S as determined from the procedure applied above appears
too small.

The conclusion is supported by the analysis of metal
radii as calculated by application of Eq. (4) and given in
the ry column of Table 1. In order to compare these results
to state-of-the-art data, also the ionic radii ryg according
to the comprehensive SPS listings are given in the table.
For this purpose, ryg of divalent ions in an octahedral
bonding geometry derived from oxide rather than halide
crystals were selected, since the metal coordination in sul-
fides may be assumed to better compare to the first than to
the latter (if differences occurred between Refs. [16] and
[17], data from the later published work were preferred).
Albeit this set of metal ionic radii g, appear a reliable
choice, large relative deviations Ory = (ry — Fysp)/Fusp ON
the order of 90% are obtained, when SPS values and those
according to Eq. (4) are compared. The differences are so
large that the modeling of ions by the geometric form of
spheres in pyrite-structure disulfides appears doubtful in
general. It must be concluded that the modeling of ions in
the pyrite structure by rigid spheres yields incompatible re-
sults when compared with state-of-the-art ionic radii.

The discrepancy is usually regarded as an inadequacy
of the rigid ion model and the metal-sulfur bond in pyrite
disulfides is argued to exhibit a significant portion of cova-
lency. As correct this statement appears in its generality, it
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offers no quantitative solution to deal with the inadequacy.
In the following section it will be investigated whether the
more general modeling of sulfur ions by ellipsoids rather
than by spheres may solve the discrepancy and lead to con-
sistent quantitative results.

3 Modeling of sulfur ions by ellipsoids It will be
assumed in the following that a crystal electrical field is
acting on the sulfur position causing a deformation of ions
along the principal trigonal axis. The assumption is justi-
fied by a missing center of inversion at the sulfur lattice
site allowing for a non-vanishing electrical field to occur
that is caused by the (theoretically) infinite number of sur-
rounding ions. Such a crystal electrical field E: only
arises for sulfur ions, but vanishes at metal positions due to
the different point group symmetries C; and Cj; of both lat-
tice sites [19]. The crystal electrical field can be calculated

m

with the help of a second-order Madelung constant 37,
where subscript j stands for the respective lattice site, be-
ing M or S here, and superscript m indicates the infinite
sum to run over monopoles. E¢; then depends on S and
the inverse square of the lattice constant a according to
Ei=e ,6']'."/(47550512), with e and g standing for the unit
charge and the permittivity of vacuum. The electrostatic
lattice constant ;" represents a second-order term in the
general Taylor expansion of electrostatic interactions in a
crystal lattice [20]. It only depends on the sulfur positional
parameter u and the net charges of the ions, being +2 and
—1 for M and S in the case considered here.

The geometrical constraints of the model, again, are
displayed in a schematic section through the (110) plane,
Fig. 2, but this time for the assumption of ellipsoidal
shaped sulfur ions. The crystal electrical field E.; at the
sulfur position is always directed towards the dumbbell
neighbor in accordance with the point group symmetry of
the lattice site. Therefore, crystal electrical fields at (wuu)
and (v u u) are pointed towards each other as shown in the
figure. However, no crystal electrical fields arise in the
perpendicular direction. We thus have to distinguish be-
tween the geometrical extensions of the sulfur ion along
two mutually perpendicular directions, which is appropri-
ately modeled by a rotational ellipsoid, with its axis of ro-
tation coinciding with the sulfur-sulfur bond. We are thus
lead to distinguish between a polar radius 7, parallel to the
axis of rotation and an equatorial radius », perpendicular to
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[001]

[110] —

Figure 2 (online colour at: www.pss-b.com) (110) section
through MS, pyrite unit cell with spherical representation of M*"
and ellipsoid modeling of S™ ions.

the latter. Such a geometric object is denoted mathemati-
cally correct as a spheroid, which is an ellipsoid with two
major axes having the same length. Therefore, both ex-
pressions will be used interchangeably in the following.
The volume of the S ion would then be given by

(&)

Ve = ? R
The geometrical quantities 7, 7, and Vs will now be de-
duced. It is evident that the polar radius 7 simply derives
from the sulfur-sulfur bond length as in Eq. (3)

n=dy/2=aV3(12~u) . ©)

However, the expression for | is more complex and for its
derivation, it has to be realized that its orientation deviates
from the direction of the metal—sulfur bond. The differ-
ence may be quantified by introducing the angle between
dss and dy,5 denoted by « and given by

2—6u
s =—F——eeee |

: ©)
6(1—4u+6u”)

The S—S—M bond angle o and other parameters like 7, etc.
have been calculated and compiled in Table 2. It can be
seen from the table that the S—S—M bond angle is smaller
than the ideal tetrahedron angle of 109° for all listed com-
pounds indicating the S bonding tetrahedron to be com-
pressed along the direction of the sulfur—sulfur bond. By
usage of the angle ¢, the M—S bond length may now be
expressed as a function of the metal ion radius rygp and the
parameters 7 and r, indicative of the sulfur ion volume

_ 2 2 2 .2
dMS—rMSP+\/r” cos"a+r sin"« .

®)
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Table 2 S—-S—M bond angle « and geometric S ion parameters
in 3d transition metal pyrite sulfides. The polar and equatorial ra-
dii  and 7, and their ratio, the S ion volume Vg and the sphere
equivalent radius 7 were calculated for each compound according
to Egs. (6), (8), (5) and (9).

MS, « 7 r, ry/r, Vs A

) (nm)  (nm) (nm’) (nm)
FeS, 1023 0.1079 0.1676 1.551 0.01271  0.1448
CoS, 103.5 0.1056 0.1704 1.613 0.01285 0.1453
NiS, 104.6 0.1038 0.1744 1.679 0.01323  0.1467
CuS, 1055 0.1015 0.1766 1.740 0.01325 0.1468
MnS, 106.0 0.1047 0.1810 1.731 0.01434  0.1507
averages and 0.0133 0.1469
standard deviations +0.0006 +0.0021

It has to be emphasized that dj,5 does not derive from the
sum of the metal ion radius plus the equatorial radius r, of
the sulfur spheroid, which would only hold for &= 90°. For
any S—S—-M bond angle « different from 90° the full decom-
position of the M—S bond length into three different parame-
ters rysp, 7 and 7, in accordance with Eq. (8) has to be per-
formed. This, at a first sight, seemingly complicated compo-
sition of the M-S interatomic distance might have been the
reason, why such separation has not been performed yet.

Equation (8) may only be solved by presupposing one
radius, since there are three unknowns contained in only
two Egs. (6) and (8). One possible solution is obtained by
inserting the SPS radii ryg for octahedrally coordinated
and divalent M ions. This appears a reliable choice, be-
cause the metal ions occupy crystallographic lattice sites of
inversional symmetry in the unit cell and are thus not sub-
jected to a crystal electrical field and an induced deforma-
tion as are the sulfur ions (fy; =0). Of course, also the
symmetry of metal lattice site in the pyrite structure allows
for electrostatic moments to occur, but those moments are
of higher than dipolar order and are assumed to be negligi-
ble for the analysis performed here.

Table 2 presents the equatorial radii », of S ion sphe-
roids in the different pyrite-type disulfides. The values are
seen to exceed the polar radii 7, in all cases by a factor of
about 1.6. Sulfur ions in pyrite disulfides would accord-
ingly have to be described by oblate ellipsoids, i.e. they
become compressed along the polar axis and expand along
the perpendicular direction. Also the sulfur ion volume ¥
as calculated from Eq. (5) is listed in Table 2. These values
show only a small scatter around an average ionic volume
of ¥, =0.0133(6) nm® and a less than 5% standard devia-
tion (given for the last digits in parentheses).

In order to compare the precision of these results with
those from the conventional ionic radii approach, the sulfur
ionic volume Vg may be transformed to an appropriate
length scale. For this purpose, a sphere-equivalent radius
of the sulfur ion is calculated from 7, and , via

=3 .

©
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Table 3 S ellipsoidal deformation ratio 7, electrostatic lattice co-
efficient S" and crystal electric field at S ion lattice site in units
of B¢/a’ for 3d transition metal pyrite sulfides.

MS, U 3 B'la’ (nm™)
FeS, 0.411 5.244 17.88
CoS, 0.446 5.954 19.41
NiS, 0.481 6.683 20.68
Cus, 0.511 7.414 22.12
MnS, 0.507 7.847 21.06

This length gives the radius a spherical monovalent sulfur
ion would have without the E z-induced deformation. The
mean sphere-equivalent radius as obtained by averaging
over all compounds in the table yields 7 = 0.147(2) nm.
This result compares much better to the ionic radius of di-
valent sulfur of 0.184 nm and the standard deviation of 7
amounts to only 1.5%. Moreover, the uncertainty ddy,s of
interatomic M-S distances according to Eq. (8) also as-
sumes only a small value of maximally 1.5%, since metal
radii differences 8ry, essentially vanish by selecting rygp
values from the SPS data set. This is an excellent agree-
ment when compared to the deviations dd,,5 of about 90%
as obtained by the ionic radius approach in the previous
section. It can be concluded that the additivity of intera-
tomic M-S distances from ion-specific length parameters
is re-established by an ellipsoidal modeling of sulfur ions
and a decomposition of dyg in accordance with Eq. (8).
These results strongly suggest to consider the volume
of monovalent sulfur ions Vj rather than its radius as a con-
stant physical quantity — a statement, which seems to hold
at least for the disulfides investigated here. In fact, this
conclusion can be regarded as the generalization of the
usual crystal radii approach, where, implicitly, also the
ansatz of conserved ionic volume is made. But in the crys-
tal radius concept both the volume and the radius are as-
sumed constant in different crystals, and interatomic dis-
tances may then decompose into ion-specific radii. How-
ever, in the approach we are led to by the considerations
given above, one of the assumptions has to be dropped and
it may only be assumed that the sulfur ionic volume is con-
served: while Vg remains constant, the deformation of el-
lipsoids will vary, i.e. the spheroidal radii r and r, will at-
tain different values in different crystal surroundings. From
the little variations of ¥V or 7 given in Table 3, we may in-
deed conclude that this model correctly accounts for the
geometry of bonding in pyrite-structure disulfides.

4 Discussion It has been argued so far that the crystal
electrical field at the sulfur position causes a polarization
and deformation of sulfur ions. The degree of deformation
as given by the two ellipsoidal radii 7, and », has been cal-
culated for some S-containing compounds from their struc-
tural data by simple geometric considerations. The results
obtained are so convincing that one may pose the question,
whether the strength of the crystal electrical field E; could
be correlated with the S ion deformation. In order to inves-
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tigate this question quantitatively, the deformation ratio 7
will be introduced that is defined by

(10)

This figure relates the ellipsoidal radii difference to the ra-
dius a sphere of the same volume would have and thus
quantitatively describes the ellipsoidal deformation of the
sulfur ion in the constant ionic volume approach. Values of
the deformation ratio 7 have been determined for all MS,
compounds and compiled in Table 3. They are seen to ex-
tend from 0.411 to 0.507.

It is interesting to note from Table 3 that the S ions in
both CuS, and MnS, exhibit the largest ellipsoidal com-
pression along the (111) axis as can be seen from the high-
est 77 values in excess of 0.5. In their case the polar radius
7 is maximally reduced at the expense of the equatorial
one r, when compared with other 3d disulfides. It has been
revealed experimentally that synthetic samples of CuS, and
MnS, may only be prepared at elevated pressures in the
65 kbar range [25-28]. This contrasts remarkably with
other disulfides FeS,, CoS, and NiS, having smaller 7 val-
ues and lower S ion deformations, and which may be pre-
pared under much lower pressure conditions in the labora-
tory. This means that the deformation ratio given by
Eq. (10) has a direct physical meaning, i.e. the ellipsoidal
deformation of S ions in the pyrite lattice translates into a
mechanical load, to which the material must be subjected
during preparation. The critical 7 value above which a me-
chanical stress has to be applied for the synthesis of 3d py-
rite disulfides will be located in the 48 ... 0.50 range. This
unexpected correlation between a crystallographic quantity
(r —n)/rg and thermodynamic preparation constrains un-
derlines the significance and usefulness of decomposing
the S ion volume in two orthogonal radii.

We will now come back to the question of a possible
correlation between ion deformation and the strength of the
crystal electric field. For this purpose, also second-order
Madelung constants f;" are given in Table 3. The electro-
static lattice coefficients ;' are defined as the sum over
electrical fields E; caused by point charges z; at crystal lat-
tice sites p,=r;/a. In case of the pyrite structure they are
defined for the sulfur ion position through

m Zi
S =Z,03 <n‘pi> s

i i

n=(r _’\'\)/?s .

(11

where the projection upon unit vector n has to be taken
along the symmetry axis, i.e. along {111) for S~ at (uuw).
The ;" become dimensionless quantities, when defined in
the form of Eq. (11). Numerical values for MS, pyrites in-
vestigated here have been determined by techniques as out-
lined in Refs. [19, 29]. The crystal electrical field E¢; is
derived from B! coefficient by multiplying with e/(4n&ga’).
In the following, for reasons of brevity only the ratio A."/a’
will be calculated for the determination of E .

According to Eq. (11), the ¢ coefficient at the S lat-
tice site becomes a function of sulfur positional parameter
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Figure 3 Deformation ratio 7 of pyrite structure disulfides versus
crystal electric field E, at sulfur lattice site (squares). The solid
line gives a numerical fit according to Eq. (12).

u and it can be seen from Table 3 that it increases for in-
creasing u. Although the ;" coefficients relate to the elec-
trical field from all the surrounding ions, its increase with u
is easily understood from a consideration of the interaction
with the neighbor S ion alone: since increasing u accounts
for lowering the interatomic distance dgg, the Coulomb re-
pulsion with the neighbor S™ increases, too, and thus leads
to a further strengthening of the crystal electrical field.
Figure 3 displays the deformation ratio 7 for all pyrite

compounds considered here versus the crystal electric field.

A tendency of the data points for a continuous increase of
n with increasing E can clearly be seen from the plot.
This result is in agreement with our simple model, by
which the sulfur ion would deviate the stronger from the
shape of a sphere, the more intense the polarizing field be-
comes. The data points given in Fig. 3 were subjected to a
numerical regression by using a linear test function

n=kiEc; :ks’g% (12)
with constant kg serving as fit parameter. The physical
meaning of kg is that of an ionic deformability that would
usefully be assumed to attain the same value for a particu-
lar ion in a theory of chemical bonding in heteropolar crys-
tals. Also the data pair (Eg, 77) = (0, 0) was included into
the regression, which accounts for a vanishing crystal elec-
tric field causing the ion spheroid to conserve a spherical
shape (n=0orr, =r).

Figure 3 shows the course of the model function (12)
as a solid line for kg = 0.0234(5) nm®. An excellent agree-
ment between model function and experimental data points
has to be stated, which is reflected by the small estimated
standard deviation of 2.1% of the proportionality constant
ks. The error bars of experimental data points are of the
size of their symbols and are mainly caused by the stan-
dard deviations of rygp values, which were assumed to be
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on the order of their last numerical digit specified in the
SPS tables [16, 17].

The remarkable agreement between the model function
and experimental data points displayed in Fig. 3 comes as a
surprise because of the following argument. As can be seen
from Eq. (11), the values of E as calculated from g’ co-
efficients give the strength of the crystal electric field at
the center positions (uuu) of sulfur ions. However, the sul-
fur ion is a spatially extended charge distribution that in-
teracts with the spatially extended crystal electrical field
E (xyz). Any correlation between deformation ratio 7 and
E(uuu) can thus only be an approximation, by which the

" /a” value serves as an average of the full crystal electric
field E z(xyz). In view of this implicitly included approxi-
mation, the tendency of 7 data points to follow the course
of E; is unexpectedly well pronounced. We think that this
clear correlation might be understood by the fact that sulfur
ions in all disulfides investigated here are subjected to
nearly the same crystal electric field distribution, since
they all occupy the same symmetry sites in a pyrite-
structure unit cell. Therefore, E . values indicated by
BY'/a’ seem to represent a very reasonable average. Assum-
ing this argument being valid, the ionic deformability kg
would not only depend on the ion under consideration, but
also on the crystalline surrounding.

The strongest deviation from the model function (12) is
realized to occur for the data point of MnS,. The Mn?** ion
has been identified to exhibit a high-spin d° configuration
in MnS, [26, 30] being associated with an occupation of e,
and t,, states by five unpaired electrons [28]. This contrasts
to the other members of the MS, series, where metal e, and
t,, states are successively filled by progressing from FeS,
to CuS, [28]. In part, the effect has been taken into account
by selecting the metal ionic radius for Mn*" in the high-
spin configuration given in the SPS tables [16, 17]. But in
view of the arguments outlined in the previous paragraph,
it might be conjectured that the averaging of the crystal
electric field distribution E.p(xyz) in high-spin MnS, is dis-
tinct from that in the low-spin members of MS, disulfides.
This reasoning might justify to omit the MnS, data point
for the numerical regression altogether, resulting in a fit-
ting constant of 0.0231(2) nm? with a furthermore reduced
estimated standard deviation.

It also has to be mentioned that the correct valency of
Cu and the S, dumbbell in CuS, is controversially dis-
cussed. While it has been argued in favor of divalent Cu
from the increase of interatomic distances dj,s along the
line from FeS, to CuS, [25], experimental evidence has
been given that the charge configuration is 3d'° and the Cu
ion thus is in a predominantly monovalent state [31]. In ac-
cordance with this study, the complete sulfur dumbbell is
frequently assumed to attain a formal charge of —1. The
surplus electron would then spread over the full S, unit and
a single sulfur ion would only inappropriately be modeled
by a S charge assignment in CuS,.

We think that the solution of the last points mentioned
deserves further theoretical considerations and studies us-
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ing the approach presented in this work. Irrespective of
these critical remarks and their prospective investigations,
it has to be stated that an excellent agreement between ex-
perimental data and the course of the model function (12)
has been obtained. The crystal electric field can indeed be
concluded to determine the sulfur ion deformation.

5 Conclusions We are thus led to a consistent geo-
metrical model of crystalline bonding in 3d transition
metal pyrite disulfides: while the sulfur ion attains a con-
stant volume Vy in all compounds, its spatial extension
along the trigonal axis and perpendicular to it must be de-
scribed by distinct radii 7 and »,. Accordingly, the shape
of the sulfur ion has to be modeled by an ellipsoid rather
than a sphere. The geometrical analysis yields a sulfur
ionic volume of Vy=0.0133 nm®. This quantity has the
character of a crystal-chemical constant and can be ex-
pected to be generally attained by monovalent sulfur ions
in heteropolar crystals.

The S ion deformation in disulfides from the MnS,—
CuS, series studied in this work is that of an oblate
spheroid with a compression along the trigonal axis.
The amount of ion deformation is distinct in different
MS, and has been quantified by the deformation ratio

n=(r, —1)/x/3Vs/(4n). It turned out that the strength of
the deformation is governed by the crystal electric field
present at the sulfur lattice site and can be described by a
deformability parameter kg and a second-order electrostatic
lattice constant f;'. The structural parameters — being them
either lattice constant a and positional parameter u or,
equivalently, the interatomic distances dqg and dy5 — of py-
rite-structure disulfides then finally become an unambigu-
ous function of the ion-specific constants rygp, Vg and k.
The modeling of sulfur ions by ellipsoids rather than by
spheres yielded very reasonable results with respect to the
prediction of interatomic distances.
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