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ABSTRACT

The structure of cubanite, CuFe2S3, was known from an earlier trial-and-error investi-

gation. In this structure both iron and coppet atoms are tetrahedraliy coordinated to sul-

fur. The structure is peculiar in that the Fe tetrahedra share an edge giving rise to a short

Fe-Fe dislance which probably corresponds to a bond. Because of the ferromagnetism of

cubanite it is important to know the details of the structure with accuracy. To this end

the refining of the structure is herewith reported. The refining process was carried out in

three stages: (1) by electron density projections, (2) by plane sections through the three-

dimensional distribution of electron density, and (3) by difference line syntheses, po-p"

through each atom. In the refined structure, the Fe atoms are found to be coordinated to

four S atoms at distances o12.29, 2.28,2.27 ,2.25 A, and one Fe atom at 2'81 A. The shared

tetrahedral edge is somewhat shortened, havilg a length of 3.61 A, as compared with the

o the r  edges  o f  3 .77 ,3 .72 ,3 .73 ,3 .84 ,  and  3 .84  A .

INrnopucrroN

The crystal structure of cubanite was determined by M. J. Buerger
(1945, 1947). The metal atoms in this structure are tetrahedrally sur-
rounded by sulfur atoms. The structure can be briefly described as slabs

of the wurtzite arrangement parallel to (010) and averaging b/2 wide.
These wurtzite-l ike slabs are joined to one another by inversion centers

so that neighboring slabs have their tetrahedral apices reversed. The

central portion of each slab is composed of copper tetrahedra and the

sides of this slab are composed of iron tetrahedra. Since the inversion

center occurs at a midpoint of an edge of an iron tetrahedron, it has the

effect of joining all iron tetrahedra in pairs which share this edge. The

sharing of tetrahedral edges is unusual, even in non-ionic crystals. It was

only reasonable to suppose that the close approach of iron atoms across

the shared tetrahedral edge corresponds to an Fe-Fe bond. This suggested
that the iron atoms, in addition to being bonded to four sulfur atoms, are

also bonded to one another in pairs.
Cubanite is one of the two ferromagnetic sulfide minerals. It has been

suggested (Buerger, 1945) that the ferromagnetism may be related to

the unusual coordination of iron. For this reason a detailed knowledge

of the bond distances in cubanite is of more than routine interest. The

original structure determination was carried out by trial-and-error
methods, and, due to the limitations of the method, the accuracy of the

+ Now with the solid-state section of the Armour Research Foundation, Chicago, Illi
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214 LEONID V. AZAROFF AND M. J. BUERGER

published coordinates of the atoms is not known. Because of the bearing
of the interatomic distances on the theory of ferromagnetism in cubanite,
a refi.nement of the parameters of the structure was regarded as impor-
tant. The details and results of the refinement investigation are reported
here.

The space group of cubanite is Pcmn. The cell dimensions are as
follows:

a :  6 . 4 6 1 ^
b : 11.12
c : 6.23

This cell contains 4CuFezSg. The best coordinates found by the original
trial-and-error search were as follows:

# y z

cu  i n  4c :  -  
7  

( : )  . l z2
1 2  

\ 4 /

sl  in 4c: - I  ( i )  .2. lo

Fe in 8d: - 
I  

.083 .135
t2

srr in 8d: - 
i 

.083 .26s

ExpBnruBNrAL PRocEDURE

Intensity determination. Or'e of the crystals from the Frood Mine'
Sudbury, Ontario, used for the original structure determination, was
selected for intensity measurement. The crystal was mounted with its 6
axis parallel to the axis of the goniometer head and set on the precession
(Buerger, 1944) camera. This mounting made it possible to take photo-
graphs of the hhU and )kl reflections with one mounting of the crystal.
These reflections were recorded for MoK. radiation and the intensities
were measured by using the M.I.T. modification of the Dawton (1938)
method.

For crystals having orthorhombic symmetry, the entire three-dimen-
sional reciprocal lattice can be recorded by the precession apparatus with
a single mounting of the crystal. This is i l lustrated in Fig. 1. To accom-
plish this, one records zeroand upperlevelsnormal to theaand c axes as
far as the range of the apparatus permits. The reflections missing due to
the blind spot of the upper levels, and the reflections missing because
they occur on the higher levels normal to each axis, are filled in by photo-
graphing the series of levels normal to [101].

The symmetry of the reciprocal lattice combined with the repeated
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( h k ,  h + o )
( h k ,  h + l )

( h k ,  h + 2 )
( h k , h + 3 )

Frc. 1. Projection of reciprocal lattice of cubanite, showing regions explorable by pre-

cession photographs. Shaded areas are regions explorable by a axis and c axis precession

photographs. Additional lines show how blind regions of o axis and c axis photographs can

be filled in by [T01] axis precession photographs.

appearance of the same spots on more than one photograph provided the
possibility of making four independent measurements of approximately
70/6 of the observable intensities. The remaining intensities were meas-
ured independently at least twice. The averages of these measurements
were then used as the final observed intensities.

Correction oJ intensity. The intensities were corrected by applying the

215



LEONID V. AZAROFF AND M. J. BUERGER

Lorentz and polarization factors as determined for the zero-level preces-
sion photographs by Waser (1951) and upper Ievels by Burbank (1952)
and Grenvil le-Wells and Abrahams (1952). The charts prepared by the
above-mentioned authors were enlarged to a scale of 1 reciprocal lattice
unit:10 cm. and printed on transparent f i lm. These fi. lms were then
placed over a reciprocal-lattice net drawn to the same scale. The use of
these enlarged charts and reciprocal-lattice nets rather than the original
films allows a more accurate and rapid determination of the value of the
correction.

The intensities were next corrected for absorption by the crystal.
Since the crystal was an irregular, jagged fragment, an exact determina-
tion of the absorption correction was nearly impossible. An approximate

o  o .  I  o . 2  0 . 3  0 .  4  0 . 5  0 . 6  0 . 7
s i n  0

Frc 2. Transmission of MoKq radiation by cubanite crystal used.

absorption cdrrection based on the assumption that the crystal was
spherical was therefore applied. Although this assumption is not strictly
valid, it was felt that such an absorption correction would, nevertheless,
appreciably decrease the errors in the observed intensities due to absorp-
tion effects.

The absorption corrections made were based on a method suggested
by Ekstein and Evans (1951). The radius r of the sphere is f irst deter-
mined. In this case the average radius of the crystal (r:0.0175 cm.) was
used. The value of the radius is then multiplied by the linear absorption
coefficient of the crystal, in this case p:127.5 cm-L. The per cent trans-
mission as a function of d can then be determined by forming the product
p.r:2.23, and referring to the above-cited tables. The tables l ist the per
cent  of  r - radiat ion t ransmit ted at  the angles 0:0" ,22L",45" ,67|o and
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90o. These values are then plotted and the best curve drawn through
them. In this case the plot of transmissivity was made against sin 0
rather than 0 as suggested by Evans (Ekstein and Evans, 1951), and is
shown in Fig. 2. The absorption correction was then applied to the ob-
served intensities by reading the per cent transmitted corresponding to
the value of sin d for the reflection concerned and dividing the observed
intensity by this value.

Finally, the square roots of the corrected intensities were taken and
these values were used as the observed structure factors. The observed
structure factors were placed on an absolute basis by plotting lF"l/ lF,l
against sin2 8, Fig. 6. This plot not only determined the scale of the

lF, l 's but also the temperature factor (B:1.63) which was applied to
the computed structure factors.

RruNBuBNr oF CooRDTNATES

Outl'ine of ref'nement proceilure. The refi.nement was carried out in three
stages. The first stage consisted of refinement by the electron-density
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Frc.3. Electron density projection, p(yz), for cubanite.

Frc.4. Electron density section, p(riz), for cubanite.



REFINEMENT OF THE CUBANITE STRUCTURE 219

Frc. 5. Electron density section, p(rfiz), for cubanite.

projection p(yz). In the second stage the full set ol hhl intensities was

used to pass strategically located plane sections through the atoms. In

the third stage the full set of three-dimensional intensities was used to

pass 3 orthogonal lines through each atom. This last stage of the refine-

ment was carried out by difierence syntheses. The refinement procedure

is outlined in Table 1. This table not only gives the change of coordinates

produced by each stage of the refinement but also the final values of

the res idual  factor ,  R:( l lF, l  - lp" l ) t lF. l ,  a t  each stage of  the ref ine-

ment.*
Ref,nementby projections. The coordinates of the atoms resulting from

the trial-and-error structure determination, and listed in Table 1, were

used as a starting point. The phases determined by these coordinates

were applied to the observed amplitudes, Fo17, and the electron density

p(yz) was computed. This is shown in Fig. 3.
The atoms are quite well resolved in this projection. The coordinates

of the peaks found in p(yz) werc used to compute a new set of structure

* In computing R, Fo-F. was omitted when F.:0.
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factors. None of these new structure factors showed any change in
phase, which indicated that no further refinement was possible by suc-
cessive Fourier projections. At this point the residual factor for the \kt
reflections was 19/6.

of the three projections of the electron density on the pinacoids, only
the projection on (100) can show all of the atoms resolved from one
another for the cubanite structure. This means that the end point of
refinement by projections had been reached by the preparation of the
p(yz) synthesis. However, the new coordinates determined by this pro-
jection were used to compute the structure factors oI the hkT reflections.
These proved to have the small residual factor of 9.7/6 which could
hardly be improved.

Ref'nement by plane secrions. The foregoing discussion makes it evi-
dent that any further refinement must come from employing all hkt
reflections in some kind of three-dimensional Fourier synthesis. rt will
be observed from the tabulation of trial-and-error coordinates in Table 1
that the Cu and Sr atoms are confined to reflection planes with l,:+,
while the Fe and S11 atoms lie on planes having y:.083 =l/12. This
makes it possible to refine the r and z parameters by passing plane
sections through the structure at y:t and y:l/12. Electron density
syntheses corresponding to these sections were therefore prepared using

0  0 . r o  o  2 0  0 . 3 0
s i n 2 0

Fro. 6. Determination of absolute scale and temperature factor for cubanite.
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FIc. 9. Locations of atoms referred to in listing interatomic distances in cubanite.

the I and z parameters as refined by the projection p(yz). These two syn_
theses are shown in Figs. 4 and 5. rn these sections the atoms are clearly
resolved. Their circular shapes suggest immediately that the phases are
substantially correct. The coordinates obtained from these sections are
tabulated in Table 1. The changes in coordinates over the last stage are
very small indeed and correspond to no phase changes. The residual
factor at this point for the entire three-dimensional set of intensities was
r47o.

Ref'nemenl by d'iference syntheses. The shifts in atomic positions which
had been encountered so far by the refinement procedure were so small
that it could reasonably well be assumed that all atoms were near their
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Tenr,o 2. INrnnlronrc DrsraNcns N CusA:.Trrr

Coordinates Neighbor
Representative

Coordinates

Bond
Length

Fe(A)

Cu(H)

Sr(C)

Sr(D)

S1(F)

Fe(B)
Sr(C)
Sr(D)
S'(E)
S1(F)

2S,(C)
S,(F)
S'(G)

Fe(A)
Cu(H)
Sr(C)
S'(E)
S'(F)
S,(G)

Fe(A)
Fe(B)
Fe
Sr(C)
Sr(E)
S'(F)

Cu(H.1
Cu

2Fe(A)
Sr(E)
S,(G)

2 .808 A
2 . 2 7 8 4
2.28? L
2.245 f \
2 . 2 7 1 4

2 .33 ,  A
2 .29 ,  A
2 .275  i \

2 . 2 7 8 4
2.33,  i \
3 .70 ,  A
3 . $ 5  A
3 . 7 2 4  A
3 .85?  A

2.287 i \
2 .246  L
2 . 2 7 s 4
3 .844 A
3 . 6 1  A
3 .7 \  i \

2 .29 ,  L
2 . 2 7 6  h
2 .271  L
3 . 7 3 4  L
3 . 7 6 ,  A

!t1, !1, zta

*2, Y2, 22

*3, !21 Et

i *x t ,  9t ,  L-zt

*  L -

rY Yu 2t*
ah' rs, zB

L*r t ,  ! t ,  i -2"
L-rs,  !s ,  i lz t

t 4 t  4 t  z 4

:ht yt, zJ
-  L - .

l -ra, f , ,  l lza

fir, yrt 21

:t2, y2, Z2

*s ,  | - !3 ,  z t

t - * t ,  y t ,  * l -z t

xt, i, zE
1  - -  I  I  r ^
i - r 4 t  4 t  2 T ' 4

lttt !\ Zr

ir, 9r, 2t

L l r l  ! t ,  i -z t
frtt lzt zs

L-r'2, Yu t*za
r4t y4, 24

sz, t, zz

L-rr, i, Llz,
r\ ir, z!

l - lq,  y ,  l *za
I  ^ .  I  I  t -
, - r 4 t  1 ,  t T b 4

* The subscripts l, 2, 3,4 refer to the coordinates of Fe, Cu, Sn, Sr respectively, as
tabulated in Table 1.

atom. Difference electron densities, D:po-p", were computed along
each of these lines. The r and a coordinates used for po were thus given
by p(rlz) and p(rtqz) while the t,' coordinates were thus given by
p(12). These coordinates were used to prepare computed values of the
complete set of F7,7.1's. The po component of the synthesis was prepared
by using observed F6"7's and the signs given by the computed Fnt"t's.
The actual Fourier series werecomputedwith the help ofoDFAC (Azaroff)
1954), a one-dimensional computer built in this Iaboratory.

The criterion for the correctness of an atom location is that it should
lie on the zero gradient of the difierence synthesis. The first set of difier-
ence syntheses is shown in Fig. 7. Atoms lying on gradients were moved
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Tlrr,r 3. Inrrn.q.rourc Bor.ro ANcr-rs rN CusA.Nrrr

Bonded Atoms

Sr(D)-Fe-S:(E)
S:(C) -Fe-Sr(F)

Su (C)-Fe-Sz(D)

Sr(F) -Fe-S:(E)

Sz(C)-Cu-Sz(C)
S,(C)-Cu-S1(F)
Sr(F)-Cu-Sr(G)
S,(C)-Cu-Sr(G)

105' 36',
10go 57'
rt4" 44'
1 1 1 ' 3 5 ' ,

104" 38',
107 '03 ' ,
1 1 0 ' 5 4 1
7r3" 12',

up the gradient and the second difference syntheses were prepared using
these new coordinates. This second set is shown in Fig. 8. In this new
difference synthesis all atoms appear to be on substantially zero gradient
except for the z coordinate of Sr. In view of the fact that the gradient of
the z difierence synthesis for this atom changed direction it could be
safely assumed that the atom lies between the parameter values assumed
in computing these two sets of syntheses. The final set of parameters
accepted for the structure is l isted in the last column of Table 1. The R
value had now been reduced to less than l2/p for all hkl reflections. A
comparison of observed and computed F values is now on file with the
American Documentary Institute.*

INron,q,rolrrc DTsTANCES rN THE Srnucrunn

The distances between atoms for the parameters found for the refined
structure are l isted in Table 2. In this table the designations (A), (B),
etc., refer to the particular atoms so labelled in Fig. 9. The angles between
the bonds are l isted in Table 3.

It is interesting to examine the environment of the Fe atom (A). This
atom is surrounded by four sulfur atoms,_namely (C) , (D), (E), and (F),
at  d is tances of .2.28,2.29,2.25 and 227 A.  The Fe atom (B) ,  across the
shared edge, is at a distance of 2.81 A. This distance is longer than any
of the customary Fe-Fe bond distances and yet much shorter than
what would be expected if the Fe's were unbonded. The shared edge
between these atoms has a length of  3.61 A which is  shor ter  than the
other  S-S d is tances (3.71,3.72,3.73,3.84,  and 3.84 A;  i . r  t t re  Fe tet ra-
hedra. Ordinarily such a shortening of a shared edge would be attributed
to an ionic component of the Fe atoms, but in this case it would appear

* A copy may be secured by writing to the ADI Auril'iary Publ,icotions Projecl, Photo-

ilaplication Seraice, Library oJ Congress, Washington 25, D. C., and requesting Document

number4190. 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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Tnstn 4. Cn.tnncrnusrrcs op CoomrNetrol Trtn.tnnDRA rN CUBANTTE

Environment of Fe(A) Environment of Cu(H)

S,(c)
S'(F)

S,(C)

S,(E) 2.25 A
s,(F)  2.27
s,(c)  2.28
S,(D) 2.29

Fe(B) 2 .81

2 . 2 8  A
2 . 2 9

tz.s+
\ 2 . 3 4

Tetrahedral Edges Tetrahedral Edges

shared edge: 3.61 DE
3 . 7 1  D F
3 . 7 2  C F
3 . 7 3  E F
3 .84  CD
3 .84  CE

3 . 7 0  C C
3 .72 \cF
3  . 7 2 ) " ^
3 . 7 6  F G

I :31)."
that a more reasonable interpretation is merely that it is due to the

repulsion of those parts of the electronic clouds of the two atoms which

are not involved in the Fe-Fe bond formation.
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