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ABSTRACT

The general arrangement of atoms in berthierite had been suggested in an earlier pub-
lication by solving the Patterson function P(xy), with the aid of the minimum function
Ms(xy). In this paper a report is given of the refinement of the structure. The intensities
were measured by the M.L.T. modification of the Dawton method, and the resulting F?s
were placed on an absolute basis by Wilson’s method. The structure was refined by the
use of successive difference Fourier syntheses. The final structure has a small residual fac-
tor and neatly reproduces the Patterson projection.

In the structure of berthierite each Sb atom is evidently bonded to 3 S atoms at dis-
tances of about 2.5 A. These ShS, groups share S atoms to form two non-equivalent SbS,
chains parallel to the ¢ axis. The Fe atoms are surrounded by 6 S atoms in approximately
octahedral arrangement at distances of about 2.5 A. This is about the expected distance
for ionic Fe-S bonds. The structure can therefore probably be regarded as Fe**+(SbSy); .

INTRODUCTION

Maierial. The berthierite from Kisb4nya, Carpathians, has been de-
scribed in detail by Zsivny and Zombory (1934). These investigators
were kind enough to make a generous sample of this material available
for this crystal-structure investigation. The analysis of the Kisbanya
berthierite indicates that it has almost exactly the ideal composition
FeSbZS4.

Unit cell and space group. The unit cell and space group of berthierite
have been reported in an earlier communication (Buerger, 1936). The
cell has the following dimensions:

a=11.44 A
b= 14.12
c= 3.76

This cell contains 4FeSb,S,. The space group is Pram.

Intensity determination. The structure determination reported here
was based upon %k0 and %0l reflections as recorded on precession photo-
graphs. The intensities were determined by using the M.I.T. modifica-
tion of the Dawton (1938) method. The intensities were corrected for
Lorentz and polarization factors, but no allowance was made for ab-
sorption.

In the course of the structure determination it became evident that the
F values determined in this manner were accurate and quite satisfactory
except that there is a critical lower intensity below which one cannot dis-
tinguish a non-zero intensity from zero intensity. The lack of knowledge
of the F’s having amplitudes between zero and the lowest observable
amplitude was keenly felt as the refinement progressed.
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TABLE 1. COORDINATES OF ATOMS FOR DIFFERENT TRIALS
Trial
1 2 3 4 5 6 7 8 9 10 11
Shy x 147 148 149 149 149 148 145 140 .143 145 . 145
¥ 060 .059 .059 .063 .063 .063 .064 .063 .063 .062 .062
Shn x 040 .044 .041 .037 .037 .038 .036 .041 .039 .037 037
¥ 384 .382 .381 .387 .387 .3% .385 .38 .386 .386 .386
Fe x 321 .318 .318 .323 .323 .321 .314 .320 .316 .316 .317
v 340 .336 .337 .339 .330 .337 .335 .335 .334 .334¢ .335
Sy x 190 .204 .200 .230 .200 .200 .197 .197 .196 .195 .194
¥ 270 273 273 .290 .273 .270 .272 272 .272 272 .272
Sn x 414419 421 417 421 424 428 428 .426 424 .423
¥ 200 .186 .187 .198 .187 .185 .186 .186 .185 .184 .185
Sm X 240 229 230 .237 .230 .227 .229 .229 227 .226 .726
y 485 405 404 484 494 403 404 404 492 492 .492
Sy x 452 .452 450 .418 .450 .451 .452 .452 450 .451 .451
¥ 408 .407 407 .388 .407 .404 405 .405 .406 .405 .405
TABLE 2. R FACTORS FOR Fji FOR DIFFERENT TRIALS
3 4 5 6 T 8 9 10 11
(@) 19.0 27.3 17.1 14.7 15.8
14.2% 14.3* 12.4* 12.8* 13.2*
(b) 17.8 26.4 16.0 12.6 13.2
12.3* 12.2* 10.2* 10.8* 11.1*
R, %
©) 24.5 38.5 22.5 19.1 19.8
18.6* 19.3* 16.8* 17.1* 17.3*
(d) 23.3 37.4 19.8 17.2 17.6
16.8* 17.2* 14.7% 15.1* 15.3*

(a¢) AF=F,—F, omitted if F,=0.

() AF=F,—F. omitted if A Zleast significant difference.
(¢) When F,=0, it is assigned a mean value between true zero and least observable Fo.
(d) Condition b and ¢ together.
¥ New scale.
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Fic. 1. Patterson projection of berthierite, P(xy). Dots and accompanying numbers show

weighted vector set for the final structure.
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F16. 2. The minimum function, Ms. Dots show the positions of the atoms as
derived from the minimum function.
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F1c. 3. The electron density map, p(xy) of berthierite.

APPROXIMATE LOCATIONS OF ATOMS

Rough intensity considerations had already shown that all atoms of
berthierite were confined to the (001) reflection planes, that is, to equi-
point 4¢, for which z= +1. With the aid of the F2u.’s, a Patterson projec-
tion P(xy) was prepared, Fig. 1. In another place (Buerger, 1951) it was
shown that this projection could be solved for the xy coordinates of the
atoms by applying the minimum function (Buerger, 1950). The approxi-
mate electron density found by this method is shown in Fig. 2. The
several dense areas, in order of decreasing density, are evidently the two
antimony atoms, the one iron atom, and the four sulfur atoms. The close
relation of this minimum function map to the true structure can be ap-
preciated by comparing it with Fig. 3, the electron density projection
p(xy), as determined after refinement.

There is an interesting peculiarity about an approximate structure
determined by image-seeking methods: one must make a decision re-
garding the location of at least the first image point. The location of the
one atom corresponding to this image point is fixed by this choice and
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does not change in the course of applying the image-seeking function to
find the other atoms of the structure. There is usually a small error in-
volved in selecting an image point. For example, an error arises when the
Patterson peak chosen for the image point is not a single peak, but rather
the coalescence of several peaks not in exactly the same location. At this
stage of the analysis one cannot usually determine to what extent the
peak is composite. This image-point error remains as a slight error in the
location of the corresponding atom. The error can only be removed by a
subsequent refinement process.

PRELIMINARY REFINEMENT

The structure of berthierite as found by image-seeking methods was
believed to be essentially correct with regard to the general location of
the atoms, since there was a rough agreement between computed and
observed intensities. Nevertheless this agreement was not good. Refine-
ment of this structure was evidently necessary. It was carried out in
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F1c. 4. Determination of absolute scale and temperature factor for Fixo
by Wilson’s method.

eleven stages. The migration of coordinates during the refinement is out-
lined in Table 1,

For the purpose of refining the structure, the observed %0 intensities
were placed on an absolute basis using Wilson’s (1942) method, Fig. 4.
This analysis not only places the intensities on an absolute basis but also
yields the temperature coeficient B. The value of this turned out to be
1.07 A? for berthierite. The value of B and the absolute scale of intensi-
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ties were slightly improved when the structure was considerably refined.

The original structure as determined with the aid of the minimum
function was termed #rial 1. This was examined to ascertain what obvi-
ous shifts in atom locations would improve agreement between calcu-
lated and observed intensities. This predicted an improved set of atom
locations which was called #rial 2. This procedure was repeated, resulting
in an improved set of atom locations called trial 3.

FURTHER REFINEMENT

Residual factor. This marked the end of elementary methods of refin-
ing the structure. From this stage onward, the status of the refinement
was followed by computing the observed and computed amplitude re-
sidual factor (Robertson and Woodward, 1936)

= 2| | Fobserved| - {Fcalcu]ated| I ; (1)

Z I Fobserved I

The magnitude of this factor varies somewhat depending upon how one
treats the smallest ¥, and the smallest differences, A=F,—F,. In Table
2 we have computed four types of R, labelled (a), (8), (¢}, and (d). These
are defined in Table 2.

Refinement by Paiterson maps. The first non-elementary refinement pro-
cedure made use of comparing the weighted vector set of trial 3 with the
observed Patterson map. These showed reasonably good agreement, but
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F1c. 5. Final refinement of absolute scale of Frro of berthierite.
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detailed comparison indicated that the agreement could be improved by
some small shifts in the locations of some atoms. This improved structure
was termed frial 5. Another set of atom locations, called trial 4, differs
from trial 5 only in that the sulfur atoms had been moved to idealized
covalent octahedral locations about iron. Table 1 shows that the residual
factor for the ideal sulfur arrangement was so much worse that the
possibility of an idealized FeSs group was evidently excluded.

From this point on the structure was refined chiefly by difference
syntheses (Cochran, 1951), using as Fourier coefficients (Fobserved
— Feomputea)mro. This synthesis is known to minimize R.

First difference synthesis. The set of amplitudes F., computed from
trial 5 (resulting from the refinement-by-Patterson procedure) was used
to compute a difference synthesis, Fig. 6. The atom locations proved to
be on gradients on this map, so the locations were shifted up-gradient to
produce a new set of locations, namely #rial 6. The change from trial 5 to
trial 6 reduced the residual factor from 17.1%, to 14.79,.

Electron density projection, p(xy). At this point it was believed that the
structure was in a sufficient state of refinement to warrant preparing an
electron density projection, p(xy). This shown in Fig. 3. The peak loca-
tions of p(xy) are taken as #rial 7. Although the coordinates of trial 6
and trial 7 are different, they do not correspond to any changes in phase
of Faro. Thus Fig. 3 may be taken as the final electron density map. The
weighted vector set of trial 7 is shown superposed on the corresponding
Patterson map in Fig. 1. The agreement between them is quite good, so
that the structure may be said to neatly explain the Patterson synthesis.

In spite of the fact that Fig. 3 is the final p(xy), the locations of its
peaks do not provide the best values of the coordinates. This is obvious
on studying Table 1. Trial 7 has a larger R value than trial 6. Further-
more, starting with trial 7, whose coordinates are derived from p(xy), it
is possible to obtain other sets of coordinates by refinement which have
smaller R values, and without changing the phases of any Fuo’s. That
a set of F5,0’s produces a map, p(xy), whose peaks deviate slightly from
the exact atom locations is due to using a finite set of Fyo’s in the synthe-
sis. This is the series-termination effect. This effect is substantially ab-
sent in differential syntheses. The residual termination effect does not
change the general course of the lines of the difference map, and conse-
quently the gradient is insensitive to slight errors in the F’s. On the other
hand a peak maximum in p{x2) is, in general, shifted by the termina-
tion effect. The study given here presents detailed evidence that differ-
ence syntheses are superior to electron-density syntheses for refinement.

New scale factor. Up to this point the scale factor derived by Wilson’s
method had been used. Since no further sign changes were in prospect,
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Fics. 6, 7, 8,9, 10, Difference maps, po—p, for successive trial structures. The positions of
atoms used for the p, part of the particular difference map are shown by dots.

the structure was regarded as sufficiently well-settled to permit com-
puting a new refined scale factor, by plotting log lF,,| /| F .| against sin%.
This is shown in Fig. 5. The change in the scale factor in going from
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Wilson’s method to this method proved to be from 75.5 to 71.0, while B
changed from 1.07 42 to 0.98 A2. The use of the new scale factor reduced
the R factor from 15.89 to 14.29.

Further refinement by difference synthesis. Trial 7 was further refined
by a series of difference syntheses shown in Figs. 7, 8, 9, and 10, In these
figures the atom locations used for the difference syntheses are shown as
black dots. The criterion for correct atom position is that the original
atom locations are found to lie on positions of zero gradient on the dif-
ference map. In each trial, therefore, the dots were moved up-gradient
in the hope that the subsequent synthesis would show them to lie on
zero gradient,

In order to find the parameter range within which the Sb’s must lie,
these were moved by .005 from trial 7 to trial 8. This move proved to be
too much, as indicated by the sharp reversal of gradient which accom-
panied the shift. Subsequent trials have Sb parameters between the
values used for trial 7 and trial 8.

The Fe and three of the S atoms assumed positions of substantially
zero gradient by trial 9. In #rial 10 the other atoms are also in zero-
gradient position but the Fe atom again appears to lie on a slight gradient.
This is probably due to contributions from other atoms and therefore
signifies that refinement of the Fe position has been achieved within the
accuracy of our data. Trial 11 was devised to give the Fe and 2 S’s a
slight shift to improve their positions on gradients. This last set of shifts
produced a set of parameters having higher R values. Trial 10 was
accordingly accepted as the final set of parameters since the atoms
are all on substantially zero gradient even though its R value is slightly
greater than that of trial 9.

After computing this set of difference syntheses, it became evident
that a shift of parameters of .001 or .002 changes the configuration of the
map strongly and in such a way as to reverse the gradient, at least for
the heavier atoms when they are in the neighborhood of the correct loca-
tions. From this it is deduced that the accuracy of the final atomic
coordinates given for berthierite is about .002, which is equivalent to
about .02 A. Tt is of interest to note that when the atoms are in the neigh-
borhood of their final correct positions the major features of the difference
map coincide with the background of the electron density map. The
features of the difference map must, therefore, be regarded as due chiefly
to errors in the determination of the F,’s.

SELECTION OF g PARAMETERS

The xy coordinates of all atoms in the structure are now known with
accuracy. Since the atoms are confined to the reflection planes, their co-
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TABLE 3. R FACTORS FOR Fint

(a) 8.89%,
(b) 5.99%,
(c) 8.89,
() 5.9%,

(See Table 2 for explanation of conditions a, b, ¢, and d.)

ordinates can be either ¥ or —%. The only combination which was

acceptable was found by making a limited number of intensity computa-
tions for Fre;. A complete set of Fro's was computed based upon this
combination. These were independently placed on an absolute basis by
comparing observed and computed intensities. The resulting tempera-
ture factor, B, for the %0l reflections proved to be 0.99, compared with
0.98 found previously for the %k0 reflections. The resulting R values are
shown in Table 3. The electron-density projection p(xz) is shown in Fig.
11. In this projection some of the atoms are unresolved due to overlap-
ping.
THE FINAL STRUCTURE

The electron density projections for the entire cell are shown in proper
relation in Fig. 12. The final parameters are given in Table 4. A com-
parison of observed and computed F values is filed with the American
Documentary Institute.*

DISCUSSION OF THE STRUCTURE

The distances between neighboring atoms in berthierite are listed in
Table 5. These distances are shown in a diagrammatic representation of
the structure in Fig. 13.

It is convenient to discuss the structure of berthierite in two stages.
In the first stage account is taken only of the nearest neighbors. Table 5
and Fig. 13 show that each of the two kinds of Sb atoms has three
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F1c. 11. The electron density map p(xz) of berthierite.

* A copy may be secured by writing to the ADI Auxiliary Publications Project, Photo-
duplication Service, Library of Congress, Washington 25, D. C., and requesting Document
number 4189. Advance payment of $1.25 is required for photoprints, or $1.25 for 35 mm.
microfilm. Make checks payable to: Chief, Photoduplication Service, Library of Congress.
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Fic. 12. Relation between the electron density projections p(xy) (right), and
p(xz) (left), for the full cell of berthierite.

nearest S neighbors at distances of about 2.5 A, as well as other S atoms
at larger distances. The Sb and S atoms thus form SbS; groups. Each
group shares two of its three S atoms with translation-equivalent groups
to form SbS, chains parallel to the ¢ axis.

The Fe atoms are surrounded by six S atoms in approximately octa-
hedral arrangement. These octahedra share edges to form chains parallel
to the ¢ axis. The Fe-S distance is about 2.5 A. This is considerably in
excess of that found in structures where the bonds are recognized as
covalent (pyrite, 2.26 A, marcasite, 2.24 A). The distance is about what
would be expected for ionic Fe-S bonds. Thus, the structure of berthierite
suggests that its chemical nature is Fet+(SbS,),™. Curiously enough, the
Sbr triangles share an edge with each of two neighboring Fe octahedra,
whereas the Sbyr triangles only share corners with these octahedra.

TABLE 4. FINAL COORDINATES OF ATOMS IN BERTHIERITE

x '\' =
Shy 0.145 0.062 +3
Shi 0.037 0.386 -1
Fe 0.316 0.334 +1
Sy 0.195 0.272 -1
St 0.424 0.184 +1
S 0.226 0.492 +1i
Siv 0.451 0.405 —b




CRYSTAL STRUCTURE OF BERTHIERITE 237

F16. 13. Interatomic distances in berthierite. Shaded circles represent atoms on level 41,
while open circles represent atoms on level —1.

Each of the four kinds of sulfur atoms in berthierite is coordinated to
three metal atoms and each such set of metals contains both Fe and Sb
atoms.

If one takes account of second small inter-atomic distances then it
becomes evident that the two kinds of Sb atoms are quite different. The
Sbyr has no further neighbors nearer than 3.2 A while Sby has two addi-
tional neighbors at about 2.9 A. This rather small distance doubtless
represents a bond, so that one can also describe the Sby atoms as forming
irregular SbSs groups. Two such SbS; groups, related by the inversion
center in the middle of Fig. 13, share the two second-nearest S’s with

TABLE 5. INTERATOMIC DISTANCES IN BERTHIERITE

St Si Smir Srv

2.48(1)

Shby 3.56(2) 3.63(1) 2.58(2) {2.93 @)

Sbir 2.43 (1) 2.48(2) {g 'Z‘; g;

Fe 2.49(2) 2.45(1) 2.46 (1) 2.64(2)

St 3.76 (2) 3.45(2) 3.64(2)

Su [ 3.76 (2) 3.66 (2)

Sms | 3.76 (2) 3.43(2)

Srv | 3.76 (2)

Note: Numbers in parentheses indicate the number of distinct vectors of this length.
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each other so that a complex chain of composition Sh,S, can be discerned
parallel to the ¢ axis. An alternative description is that the two SbS,
chains, related by the inversion center in the middle of Fig. 13, can be
regarded as joined so as to form more complex chains of composition
Sb,Ss. This kind of double chain has also been discovered in livingstonite
(Buerger and Niizeki, 1954). The two kinds of sulfur coordination dis-
played by Sbir and Sby atoms are also found in the two types of Sb
atoms of stibnite.

The Fe atom appears to have the function of cementing together the
two kinds of SbS, chains. It should be noted that the coordination of Fe
is irregular octahedral. Four of the S atoms are at distances of about 2.46
A but two more are at distances of 2.64 A. This condition is quite real
since an attempt to regularize the distances resulted in a much higher R
value.

The cleavage of berthierite is reported in one reference as more or less
distinct parallel to one pinacoid, and in another reference as rather dis-
tinct prismatic. Fig. 13 shows that a cleavage could occur parallel to
(010) without the breaking of any bonds except the 2.93 A bond from
Sb; to Siv.
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