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Structures of Two Polymorphic  Forms of CusFeS4 
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There exist three polymorphic forms of CusFeS4. All three can be obtained by starting with natural  
or synthetic material. A high-temperature form, stable above 228 _ 5 °C, changes to a transitional 
metastable form on cooling below 228 +_ 5 °C; it then gradually changes to the low-temperature form. 
Only the latter occurs in nature, as bornite. 

The crystal structure of the high-temperature form was determined from single-crystal data. 
The cubic cell with a = 5.50 A contains CusFeS 4. The space group is _Fm3m. The S atoms occupy 
the nodes of the face-centered cubic lattice. In  each tetrahedron of S atoms, the metal atom is 
statistically distributed among 24 equivalent sites with coordinates x = 0.310, y = 0"290, and z = 0.270, 
the total metal atom in the tetrahedron being ~ (Cu, Fe). 

The crystal structure of the metastable form of synthetic bornite was also determined from 
single-crystal data. The space group is Fd3m, with a = 10.94 A, but  the cubic symmetry results 
from the twinning of small domains with rhombohedral symmetry in eight different orientations. 
Each individual in this twin has space group R3m, with arh = 6"70 /~ and a = 33 ° 32'. In this rhombo- 
hedral structure all the sulfur atoms remain in cubic close-packing. The metal atoms are situated in 
three out of every four tetrahedra; they are statistically distributed among four equivalent sites 
inside each occupied tetrahedron. No distinction was made between Cu and Fe atoms, either in the 
metastable structure or in the high-temperature structure. 

The low-temperature form shows space group P421c with a= 10.94 and c =21.88 /~. 
A structural mechanism is proposed for the polymorphic transition between the high-temperature 

and the metastable forms. 

Introduction 

The chemical composit ion of na tura l  bornite was firsv 
established by Har r ing ton  (1903) as CusFeS4; i t  was 
confirmed by Allen (1916), and Zies & Merwin (1955). 

The first  a t t e m p t  to determine the crystal  s t ructure  
of borni te  by X-ray  methods  was made by de Jong  
(1928), who used na tu ra l  bornite.  He proposed a 
s t ructure  based on a cubic cell with a =  10.910 _+ 0.005 
kX. The s t ructure  was, however, in marked  discord 
with the observed intensities.  Lundqvis t  & Westgren 
(1936) s tudied the s t ructure  of synthe t ic  mater ia l  by 
means of powder photographs.  They  gave a cubic 
cell with a= 10.94 kX  and space group Fd3m (0~). 
Their  s t ructure  was based on cubic close-packing of 
sulfur atoms, with metal  a toms in the interstices.  
Several d is t r ibut ions  of metal  atoms were suggested, 
but  none of them could be confirmed by X-ray  
in tens i ty  data.  Tunel l  & Adams (1949) examined 
crystals  of 'borni te '  from the Cam Brea Mine, Il logan, 
Cornwall, and repor ted a cubic cell with a = 3 2 . 8  A. 
They proposed a s t ruc ture  t h a t  gave reasonable 
agreement  for all the reflections of strong and medium 
intensit ies.  A considerable number  of weak reflections, 
on the other  hand,  remained  unaccounted  for . t  

* Present address: Institute of Scientific and Industrial 
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t The crystals studied by Tunell and Adams were recently 
re-examined in detail. They consist of at least two phases: 
the low-temperature bornite and a new phase with tetragonal 
symmetry (Morimoto, Greig & Tunell, 1960). 

Before de termining  the crystal  s t ructure  of bornite,  
i t  is necessary to elucidate  its polymorphic  relat ion- 
ships and to explain the  conflicting l i te ra ture  da ta  
on synthe t ic  and na tu ra l  bornites.  

Polymorphic  relations of CusFeS4 

Morimoto & Kul le rud  (1961) used the high-temper-  
a ture  single-crystal  X-ray  method  to s tudy  synthe t ic  
bornites cooled from various tempera tures  and natura} 
bornites f rom different  localities. They  found two 
stable forms and one t rans i t iona l  metas tab le  form. 
The h i g h - t e m p e r a t u r e  form is cubic with a - -  
5.50,+0-01 •, Z = I ,  diff ract ion aspect  F***;  the 
t rans i t iona l  metas table  form is also cubic with 
a = 1 0 . 9 4  /~, Z = 8 ,  d i f f ract ion aspect Fd**;  and the  
low-temperature  form is te t ragonal  wi th  a--10.94,  
c=21 .88  /~, space group P421c. 

Various cell dimensions and symmetr ies  found on 
specimens of na tu ra l  bornite,  such as those of Frueh  
(1950) and  Kul lerud,  Donnay  & Don~ay (1960), 
were explained by twinning of the low-temperature  
form, the  twin  opera t ion  being a 120 ° ro ta t ion  about  
the row [221] of the  t e t ragona l  lat t ice,  t h a t  is the  body  
diagonal  of the  cubic cell (Morimoto & Kullerud,  1961). 

The h igh- tempera ture  form is unquenchable .  When  
it  is cooled to below 228 _+ 5 °C it  i n s t a n t l y  changes 
to the metas tab le  form. The l a t t e r  gradual ly  t rans-  
forms to the  low-temperature  form in about  a week 
a t  room tempera ture .  The easy t rans i t ions  among the  
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polymorphic  forms and the simple relations between 
their  cells suggest tha t  their  structures should be 
closely related to one another.  

STRUCTURES OF TWO POLYMORPHIC FORMS OF CusFeS 4 

Crystal structure of the  h i g h - t e m p e r a t u r e  form 

Because the high- temperature  form is unquenchable ,  
X-ray  in tens i ty  data  were obtained on the Buerger 
precession camera, modified for high- temperature  use 
(Morimoto & Kullerud,  1961). 

Crystals 0.05 x 0.05 × 0.05 m m  3 in size, synthesized 
at 900 °C by Kullerud,  were used for the structure 
determinat ion.  The photographs of (1T0)~ (the zero 
layer  perpendicular  to [110]) were taken  at  240 + 5 °C 
wi th  various exposure t imes and Mo K s  radia t ion 
(A=0-7107 A). The relat ive intensit ies of the reflec- 
t ions hhl were obtained photometr ical ly.  They were 
converted to an  absolute scale in the course of the 
structure analysis,  in order to make ZIFoI=ZIFc I. 
No correction was made for absorption or extinction.  

The cell of the high- temperature  form contains one 
formula uni t  of Cu~FeSd. Cu and Fe atoms are dealt  
with as meta l  atoms, without  dist inction,  in this  
s tructure determinat ion because of the small  difference 
between their  scattering factors. The sulfur atoms were 
assumed to occupy the nodes of the cubic face- 
centered lat t ice with a = 5 . 5 0  /~. An anti-fluorite 
structure,  in which the six meta l  atoms s ta t i s t ica l ly  
occupy the centers of the eight t e t rahedra  of sulfur 
atoms, was f irst  examined.  The calculated F values 
are too large for the reflections with all  indices even, 
and too smal l  for those with all  indices odd (Table 1, 
column 1). 

Tab l e  1. Comparison of observed and calculated 
F values for the high-temperature form 

(1) 
A n t i - f l u o r i t e  

s t r u c t u r e  (2) 
( s t a t i s t i ca l )  F i n a l  

h h 1 2'0 d i s t r i b u t i o n )  s t r u c t u r e  

0 0 2 54 60.5 --  54.7 
4 50 63.5 52.0 
6 - -  18.0 7.4 

1 1 1 42 30-0 44-0 
3 34 19.7 32.3 
5 21 11.6 15.1 

2 2 0 92 87.5 98.2 

2 24 35'4 - 14.9 
4 37 49.8 32.7 

3 3 1 18 14.2 19.7 
3 27 18.6 30.4 
5 - -  7.9 6.0 

4 4 0 22 39.4 21.0 
2 - -  15.4 9.7 
4 - -  25.5 10.5 

On the basis of the cubic close-packing of the sulfur 
atoms, two models are possible. In  one of them the 
meta l  atoms are confined inside the te t rahedra  of 
the sulfur atoms and they  can be dis t r ibuted not 

only at the centers of, but  also over several equiva lent  
sites in, the sulfur te t rahedra.  The other model is a 
so-called 'average structure ' ,  l ike tha t  of a-AgI 
(Strock, 1934, 1935). The meta l  atoms are d is t r ibu ted  
not only inside, but  also outside, the te t rahedra ,  
at  the centers of t r iangles or octahedra of sulfur atoms. 

In  the first model the meta l  atoms were s ta t i s t ica l ly  
dis t r ibuted among various sites symmet r ica l ly  ar- 
ranged about  the centers of the sulfur te t rahedra .  
The number  of metal  atoms in each sulfur te t rahedron 
was made to va ry  from one to one-half, keeping the 
cubic symmetry .  Good agreement  between observed 
and calculated F values has been obtained when 
three-fourths of a metal  atom is s ta t is t ical ly  dis t r ibuted 
over 24 equivalent  sites in each sulfur te t rahedron 
(Table 1, column 2). The coordinates of the meta l  
atoms in general position are x=0.310,  y=0.290 ,  and 
z=0.270.  The scattering factors of the metal  a toms 
were calculated from those of Cu and Fe atoms given 
by Hartree.  The tempera ture  factors used for calcula- 
t ion are B = 4 . 5  for the meta l  atoms and B = 2 . 0  for 
the sulfur atoms. The R index for eleven observed 
reflections is 0.09 (excluding non-observed reflections). 
In  the structure obtained (Fig. l) the distances from 
one of the metal  sites to the sulfur atoms are 2.92, 
2.42, 2.29, and 2-15 A. 

I 

- -K-  

i 5-50 ~, >1 . . . . . . . . .  

, I 

Fig .  1. S t r u c t u r e  of  t h e  h i g h - t e m p e r a t u r e  f o r m :  s u l f u r  a t o m s  
(whi te  circles)  a n d  m e t a l  a t o m s  (b l ack  do t s ) .  

Attempts  to move some meta l  atoms outside the 
sulfur te t rahedra  (second model) did increase discrep- 
ancies between the observed and calculated F values. 

The structure of the h igh- temperature  form is thus  
essential ly the anti-fluorite structure,  only s l ight ly  
more complicated. The sulfur atoms occupy the nodes 
of the cubic face-centered lattice. Each te t rahedron  
of sulfur atoms, on the average, contains ~ of a meta l  
atom. This fract ional  a tom is itself s ta t i s t ica l ly  
d is t r ibuted over 24 equivalent  sites inside the sulfur  
te t rahedron.  In  the whole cell, six metal  atoms are 
s ta t is t ical ly  dis t r ibuted over 24 x 8 = 1 9 2  sites. This 
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can be considered a kind of 'mobile' state of metal 
atoms. The properties of bornite at high temperatures, 
such as high conductivity, wide range of solid solution, 
etc., are well understood on the basis of this dynamical 
state of the metal atoms. 

Crysta l  s t ruc ture  of the metas tab le  fo rm 

Synthetic specimens quenched in water from 900 °C 
were used to collect intensity data. Crystals were 
approximately 0.05 × 0.05 × 0.1 mm 3 in size. Weissen- 
berg photographs were taken with Mo Ka radiation 
around the rows [100] and [110], up to the 4th-layers, 
with multiple-film techrhque. Relative intensities were 
estimated visually, and the Lorentz and polarization 
corrections were applied. Neither extinction nor 
absorption correction was made. The relative values 
of structure factors were put on the absolute scale 
at a later stage of the analysis. 

Any structure proposed for the metastable form 
should explain two characteristics of the intensity 
distribution. One is the existence of a cubic sub-cell 
with a'=a/2=5.47 t~, which gives much stronger 
intensities to the reflections with h, k, and 1 all even 
than to those with h, k, and 1 all odd. The other is 
a special extinction rule: the absence of reflections 
other than those for which h, k, and 1 are all odd, 
all 2 nod.  4, or all 0 mod. 4. 

Two different approaches to the structure analysis 
are possible. One is to find the positions of 40Cu, 
8Fe, and 32S atoms in the cell of a=10.94 A with 
space group Fd3m. The most reasonable method to 
do this is to find the distribution of the metal atoms, 
keeping the sulfur atoms at the origin and at the face 
centers of the sub-cell (positions 16:c and 16:d). 
This was the procedure followed by Lundqvist & 
Westgren (1936) and by Tunell & Adams (1949). 
Following the method developed by Morimoto, Marumo 
& Sadanaga (1962), various structure models with 
cubic symmetry, which could explain the special 
extinction rule, were examined on the assumption 
that  all metal atoms are statistically distributed in 
the interstices of the cubic close-packing of the sulfur 
atoms. The calculated F values for the reflections 
with h, /c, and 1 odd, in these models, are equal to 
about one-half of the observed values, as long as the 
number of metal atoms enclosed in a sulfur tetrahedron 
does not exceed one. Thus all attempts along this line 
failed to give a reasonable structure, suggesting that  
the true symmetry is lower than cubic. 

The other way to start the analysis is to use a twin 
hypothesis, assuming a lower symmetry for the true 
cell of the metastable form. Such a twin hypothesis 
was proposed for digenite by Donnay, Donnay & 
Kullerud (1958), to explain special extinction rules. 

Twinning and true cell 
The procedures of Donnay, Dormay & Kullerud 

(1958) on digenite have been followed in order to find 

the true cell of the metastable form on the basis of 
the twin hypothesis. 

The observed point group m3m is considered to be 
generated by the combination of the twin operations 
with the symmetry operations of the individual 
crystals. If the individual crystals are assumed to be 
rhombohedral in order to explain the observed special 
extinction rule, the twin relations (Table 2) differ 
according to the point group of the individual crystals. 

Table 2. Possible twin relations in the metastable form 
Symmet ry  of Number  of Symmet ry  of 

individual Twin individual complete 
crystals elements crystals twin 

"3m 4 4 m3m 

3m 4_/m 8 m3m 
4 4 -43m 

32 4/m 8 m3m 
4 4 432 

41m 8 m3m 

3 4 /m lm  16 m3m 
41m 8 43m 
412 8 432 

As described later, the individual crystals must 
have point group 3m on the basis of the structure 
analysis. Thus, if the point group of the twin is truly 
m3m, the twin operations are the seven operations 
other than identity in any of the three 4/m symmetry 
subgroups of the twin. The twin relations obtained 
are shown (Fig. 2) in stereographic projection. 

, . . -  , \ I - . .  \ 
I . /  [ "\.1 ," " - , I  

\ ....... vii :i / 
Y X~ "'", 

Fig. 2. Stereographie projection on (001)c of the twin 
in the metastable form. 

Because the twin lattice extends without deviation 
throughout the twin edifice, the twin obliquity 
(International Tables for X-ray Cryslallog_r_aphy, 1959, 
vol. II, p. 104) is zero. The twin axis is [113], referred 
to the rhombohedral axes of the crystal. The twin 
index is 2. This twin arrangement gives the s matrices 
(International Tables for X-ray crystallography, 1952, 
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Table 3. Transformations of indices 
Crystal II  Crystal I I I  

Matrices s: rhombohedral (pqr) from cubic (hld)* 
• 50 .25 .25 .25 .50 .25 .50 .25 .25 .25 -50 .25 . . . . . . . .  
• 25 .50 .25 .50 .25 -25 .25 .50 .25 -50 .25 .25 . . . . . . . .  
• 25 .25 .50 .25 .25 .50 .25 -25 .50 .25 .25 .50 

Crystal I Crystal IV 

Matricest:cubie(hkl) fromrhombohedral(pqr)* 
3 1 1  l a T  3 1 1  1 3 1  
1 3 T  3 1 1  1 3 1  3 1 1  
1 1 3  1 1 3  1 1 3  1 1 3  

*T~btainthematr icesf~rcrysta~sV-VIII~changethesigns~fnumbersinthematr icesf~rcrystalsI-IVrespect ive~y.  

002a2~5 334 123 ' "534  12'3 ( * 

" ~  2.2_0,202,444,022 ~112,112,112,112 ..~'444,022,220,202 
• ~-001 

]f(),lOI 222,011 

___ 
c221 • 

• c 

© 

o • 

• o 

D 

222,01i,][0,t01 
,, 

: l l i  
.(110}~ .~ . . . .  ., _ 

532 ,110 ,352 ,110  

o 

• o 

© 

Fig. 3. :Precession pattern (1T0)~, indexed with reference to 
the rhombohedral axes of the eight individuals of the twin. 
Empty circles are reflections of crystals I and V; black 
circles, of crystals I I I  and VII. Double circles are reflections 
that belong to all eight crystals; they are indexed in crystals 
I to IV in sequence, the indices for crystals V to VIII 
being omitted for simplicity. 

J 
J J 

J 

. . . . . . . . . . . . .  : o . 9 4 ~ .  . . . . . . . . . . .  > 

J 

J 

Fig. 4. Relationship between the cubic cell and 
the rhombohedral cell. 

~ X  

vol. I,  p. 15), l isted in Table 3, t h a t  mus t  be used 
to obta in  rhombohedra l  indices pqr from cubic ones 

hlcl, one ma t r ix  for each of the eight individual  
crystals  I to VI I I .  The inverse t matr ices,  also given 
in Table 3, permi t  us to obta in  hkl from pqr. Fig. 3 
is the precession pa t t e rn  indexed with reference to 
the  rhombohedra l  axes of the  individual  crystals  in 
the twin. For  simplici ty the  reflections from only 
four individuals are given. Other  reflections with 
indices of opposite signs are omitted.  

Thus the t rue  cell of the metas tab le  form is rhombo- 
hedral.  The diffraction aspect  is R**. The cell dimen- 
sions, referred to hexagonal  axes are:  ahex=acV2/4= 
3.87 _~, Chex--acV3=18.95 ~,  (c/a)hex=4"90, Vhex = 
3a~a/16 A ~. Since the large cubic cell contains 
8 CusFeS4, the  hexagonal  cell contains ~CusFeS4. The 
rhombohedra l  cell has dimensions 

arh__ (1) 2 V(ehex ~- 3ah2ex) = 6"70 A, a = 33 ° 32'. 

Fig. 4 shows the relationship between the cubic cell 
and  the rhombohedral  cell. The rhombohedral  cell has  
only 1/]6 of the volume of the cubic cell, and contains 
(Cu,Fe)3S2, where the atomic rat io  Cu :Fe  is equal to 
5:1.  Because of the  small difference between the  
atomic scat ter ing factors of Cu and  Fe, we did not  
a t t e m p t  to locate Fe and Cu a toms separate ly .  

Determination of the atomic coordinates 
According to the t rans la t ion  group R of the  crys ta l  

derived from t h e _ s t u d y  of twinning,  the  possible 
space groups are R3m, R3m, R32, R3, and  R3. Because 
of the steepness of the rhombohedra l  cell, all the  a toms 
should be placed in special positions (x, x, x) on the  
threefold axis or should be s ta t is t ical ly  d is t r ibuted  
on sites close to the  threefold axis. 

The (c/a)hex r~tio ~t~y~ exactly equal to V24; not 
the sl ightest  deviat ion from this value was observed 
even in the powder  pa t te rns ,  so t h a t  cubic s y m m e t r y  
mus t  be assigned to the  metas tab le  form. This suggests 
t h a t  the  sulfur a toms throughout  the  s t ruc ture  r emain  
a t  the nodes of the  face-centered la t t ice  with a = 5.47/~, 
as in the  h igh- tempera ture  form. The analysis  was,  
therefore, s t a r t ed  on the  assumpt ion t h a t  all the  sulfur  
a toms occupy exact ly  the  same sites as in the  high- 
t empera tu re  form. In  the rhombohedral  cell t hey  lie 
a t  0, 0, 0 and ½, ½, ½. 

Let  s = p + q + r. The contr ibutions of the  two sulfur 
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a toms to the reflections with  s odd, therefore,  c a n c e l  
each other. I f  we pu t  Us=Fs/fM for any  reflect ion 
with s odd (fM represents  the  scat ter ing factor  of the  
meta l  atom),  the  values of U8 should be cons tant  for 
any  given value of s in any  possible space group, 
provided the  meta l  a toms occupy special positions 
(x, x, x). I n  the  Us values (Table 4) the  t empera tu re  
factor  B= 1.0 was appl ied to obta in  fM. Although Us 
values s t ay  fa i r ly  cons tant  for cons tant  s, thei r  
f luctuat ions  are large enough to show a s ta t is t ical  
dis t r ibut ion of meta l  a toms over the sites of a general  
posi t ion (x, y, z). 

At  the earlier stage of the  s t ruc ture  analysis,  how- 
ever, the  three meta l  a toms are assumed to lie on 
the threefold axis. The special posit ion (x, x, x) is 
of mul t ipl ic i ty  two in space groups R-3m, R-3, and R32 
and  is of mult ipl ic i ty  one in space groups R3m and R3. 
Permi t t ing  a par t i a l  d is t r ibut ion of meta l  a toms in 
the former  space groups, i t  is only necessary  to 
consider two space groups R3m and R3m as represen- 
ta t ives  of two groups with different multiplicities.  
Then the  reflections with s even are superposit ions 
of four or eight reflections with the same or wi th  
different indices, diffracted f rom different individuals  
of the twin. For  the  convenience of comparison,  
hypothet ica l  calculated and observed s t ruc ture  factors 
were adopted  for each reflection with s even as follows: 

4 

i = 1  

Fkh~(obs.) -- K V(Ih~obs.) 

where piqiri refers to the  reflection pqr of the  i th 
crysta l  of the twin and  p ,q ,  and  r are re la ted  to 
h, k, and 1 by  the  matr ices  of Table 3.* 

For  an edifice constructed on the  basis of c rys ta l  
s y m m e t r y  R-3m, the  calculated F values are larger 
t han  the observed ones for s--4n, and smaller  for 

Table 5. Atomic coordinates in metastable form 
1~O.  o f  

equivalent Fraction 
Atom* sites of atom x y z 

SI 1 1 0 0 0 
SII 1 1 ½ ½ ½ 
MI (a) 1 ¼ 0.155 0.155 0.155 
MI (b) 3 ~ 0.115 0.115 0.195 
~¢~II (a) 1 ¼ 0.365 0.365 0.365 
MII (b) 3 ~ 0.405 0.4C5 0.325 
lYIiii(a) 1 ¼ 0.635 0.635 0.635 
MiIT(b) 3 ~ 0.595 0.595 0.675 

* Mi(a) and (b), Mii(a) and (b), and MIii(a) and (b) make 
tetrahedral arrangements, the centers of which are respec- 
tively: (0.145, 0.145, 0.145), (0.375, 0.375, 0.375), and 
(0.625, 0.625, 0.625). 

* When the twin comprises eight individuals, the following 
relation exists: 2 2 

. F p i q i r i  ~ . F p i _ t _ 4 q i ÷ 4 r i ÷  4 • 

Thus the formulae mentioned above are used regardless of 
twin types. 
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Table 6. Comparison of observed and calculated F values for the metastable form 

Cubic 

h k L 

Rhombohedral 

Plqlrl & P2q2r2 & P3°3r3 I~ P&qhrh & Fo/2 Fe/2 

P5qsr5 P6q6r6 PTqTr7 P8qSr8 

(a) Reflections produced by all eight crystals in the twin 

0 C h 1 1 2 1 i 2 1 1 2 1 1 2 81 87.2 
8 2 2 & 2 2 A 2 2 h 2 2 h 90 93.6 

12 3 3 6 3 3 6 3 3 6 3 3 6 ii 15.A 

2 2 2 2 2 2 0 1 1 Y Y 0 1 0 1 68 65.A 
6 3 3 h 1 2 3 0 0 2 2 1 3 h5 46.6 

i0 6 h 6 2 3 5 1 1 4 3 2 5 22 27.5 
14 5 5 8 3 h 7 2 2 6 ~ 3 7 18 17.6 

h h 0 3 3 2 ~ i 0 3 ~ 2 1 ~ 0 126 139.0 
6 ~ 6 5 o 2 2 2 2 c 2 0 2 55 56.5 
8 5 5 6 1 3 A i 1 2 3 1 h 73 75.2 

:2 6 6 8 2 5 6 0 0 ~ ~ 2 6 11.6 

6 6 2 5 5 6 Y 2 1 A h 2 2Y 1 2& 33.3 
6 6 6 6 0 3 3 I~0 3 0 3 hO hO.O 

10 7 7 8 i h 5 2 2 2 L. 1 5 13 13.7 

8 80 6 6 h :2 0 ~:~ 220 55 61.0 
A 7 7 6 [3 2 5 5 2 3 [2 lh 16.9 
8 8 8 8 0 & h :~0 h 0 h 34 33.6 

Oh8 365 013 103 435 28 35.6 
12 h57 125 215 547 38 ~.0 

2.6.10 567 02h 013 536 29 27.0 

iii 
3 
5 
7 
9 

Ii 

331 
3 
5 
7 
9 

ii 

5 51 
3 
5 
7 
9 

ii 

771 
3. 
5 
7 
9 

131 
3 
5 
7 
9 

ii 
13 

151 
3 
5 
7 
9 

ll 
13 

171 
3 
5 
7 
9 

Ii 

351 
3 
5 
7 
9 

Ii 

(b) Reflections produced by two crystals in the twin 

I i i h 14.9 
0 0 1 30 26.6 

2 2 3 6 3.6 
i 1 3 33 24.2 

335 - 8.0 
2 2 5 17 15.3 

2 2 i 31 32.8 
3 3 3 37 38.8 

Y Y I 2o 18.6 
h h 5 23 29.0 

003 13 6.1 
5 5 7 18 17.1 

& h 3 9 13.5 
331 - 1.8 

5 5 5 17 1&.9 
: : i lh 6.3 

11.7 6 6 7 ::3 9 
6.5 

5 5 3 i0 21.6 
6 6 5 21 22.0 

: ~ r 16 15.7 
15 16.7 

7 7 7  ~1 6 8.1 

: 0 0 30 26.6 
2 1 2 31 32.8 

0 i 2 18 11.3 
3 2 h 25 27.5 

124 - 1.6 
4 3 6 13 16.7 

236 - 6.3 

232 6 3.6 
: : 0 18 11.3 

3 h h 9 13.5 
0 [ 2 25 13.5 

h56 6 11.5 
i 0 h 14 lO.h 

568 7.8 

: : : 33 24.2 
h 2 3 25 27.5 

: 0 i 25 13.5 
5 3 5 lO 21.6 

113 9 4.7 
6 6 7 11 13.1 

2 o 1 18 11.3 
: 1 1 20 18.6 

303 - 1.8 
0 2 3 19 17.8 

425 - 7.6 
1 3 5 16 12.7 
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s = 4 n + 2 .  To bring the calculated ~' values to agree 
with the observed ones for both kinds of reflections, 
we have to choose space group R3m. The calculated 
2' values for the reflections with s odd also support 
the choice of/~3m. 

As long as the metal atoms are kept on the threefold 
axis, F66~(calc.) is always larger than F666(calc.) 
contrary to observation. To avoid this discrepancy 
and to explain the fluctuations of the Us values with 
constant s, the metal atoms are statistically distributed 
around the positions which were determined on the 
assumption that  all metal atoms remain on the 
threefold axis. The best agreements were obtained 
when each metal atom was distributed tetrahedrally. 
In R3m this can be done by placing ~ atom in 
position la  and ~ atom in position 3b. 

Attempts to obtain a structure on the basis of space 
group R3 with more complicated twin relations did 
not lead to any improvement. 

The atomic coordinates of the final structure are 
given in Table 5. The calculated F values are compared 
with the observed ones in Table 6. The atomic scat- 
tering factors for the metal atoms are calculated for 
the atomic ratio Cu: Fe = 5 : 1 using the values of 
Berghuis, Haanappel, Potters, Loopstra, MacGillavry 
& Veenendaal (1955) for Cu and those of Freeman 
& Wood (1959) for Fe. The scattering factors for sulfur 
atoms are taken from Viervoll & Dgrim (1949). 
The temperature factor B = I . 0  is applied both to 
metal and to sulfur. The R index, excluding non- 
observed reflections, is 0.09 for the reflections with 
s even, 0.25 for those with s odd, and 0.15 considering 
all observed reflections. 

Attempts to refine the atomic coordinates obtained 
above by the usual trial and error method are ham- 
pered because of the superposition by twinning of 
reflections with s even. No estimation of the accuracy 
of atomic coordinates was made. 

Discussion of the structure 
The structure of the (rhombohedral) metastable 

form (Fig. 5(b)) can be derived from that  of the 
(cubic) high-temperature form (Fig. 5(a)). All the 
sulfur atoms stay in place, retaining cubic close- 
packing. Of the four partial metal atoms in sulfur 
tetrahedra in the high-temperature form, two remain 
in their tetrahedra. One tetrahedron becomes vacant, 
and the metal ~ atom which occupied it in the high- 
temperature form is redistributed among the other 
three sulfur tetrahedra, which now contain one full 
metal atom apiece. To compensate for the vacant 
tetrahedron, the last metal MI moves slightly inside 
its tetrahedron. The statistical distribution of three- 
fourths of a metal among 24 sites inside each sulfur 
tetrahedron changes to the statistical distribution of 
one metal atom among four sites. 

The rhombohedral structure of the metastable form, 
drawn by means of a hexagonal cell (Fig. 6(b)), is 
compared with the rhombohedral cell (Fig. 6(a)) to 

18'95~, 

J 

(a) (b) 

Fig. 5. Derivation of the structure of the metastable form 
from that of the high-temperature form. 

j! 
( 

18.95A 

E" 387A-  
(a) (b) 

Fig. 6. Crystal structure of metastable form shown on 
(a) a rhombohedral cell and (b) a hexagonal cell. 

show the interatomic relations. The structure is 
described as a layer-structure parallel to (0001). 
There are two kinds of sulfur layers, SI and SII, and 

A C 17 - -  24 
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three kinds of metal layers, Mz, MH, and Mzzz. The 
Sz layers are sandwiched between the MH and Mzzz 
layers, while the Siz layers only have the MI layers 
on one side (Fig. 6(b)). To compensate for the lack 
of metal layers on the other side, unpaired Mz layers 
are displaced to approach the Szz layers. 

STRUCTURES OF TWO POLYMORPHIC FORMS OF CusFeS4 

Fe-S 2.27 /~ and Cu-S 2.31 ~ in cubanite (Azaroff 
& Buerger, 1955). The metal atoms are coordinated 
to four sulfur atoms each which are at the corners of 
regular tetrahedra (Fig. 8). The MH and MHI tetra- 
hedra are at the centers of the sulfur tetrahedra and 
the shortest distance from any one of their corners 
to a sulfur atom is 2.27 A (Fig. 8, (b) and (c)). The 

A B 

B A 

c) ~ )5.47A ~" -- /3 h 

• 109 A 
1~-5"47A--H ~ 5"47A- ~ A B 

A - C u b e  B - C u b e  , 

C a ) (b) (c) 

Fig.  7. The  crys ta l  s t ruc tu re  of the  me ta s t ab l e  fo rm based  
on a cubic mul t ip l e  cell. The  uppe r  figures cor respond  to 
the  uppe r  ha lves  of the  cubes:  (a) and  (b) basic bu i ld ing  
blocks,  (c) mul t ip l e  cell. Large  circles are S a toms ,  small  
ones are me ta l  a toms .  In  (a) and  (b), only  the  uppe r  S a toms  
are shown.  

The crystal structure can be also regarded as being 
composed of cubelets, 5.47 A on the edge, of two 
different kinds, A and B (Fig. 7, (a) and (b)). The 
sulfur atoms, occupying the origins and the face centers 
of the cubelets, form eight tetrahedra. Five of them 
are occupied by metal atoms in the A cubelets, 
seven in the B cubelets. The compositions are, there- 
fore, M5S4 for the A cubelet and M7S4 for the B cubelet. 
A cubic multiple cell with a =  10.4 A contains four A 
and four B cubelets (Fig. 7(c)). 

Table 7. Interatomic distances in the metastable form 
A t o m  Neighbors  B o n d  leng th  

Mi(a) SI 2 .94 /~  
SH 2-24 

Mi(b) Sz 2-69 
2.46 

SH 2-20 

MH(a) Sz 2.27 
SII 2.75 

MH(b) 8I { 2"752.27 

STI 2"27 

MIII(a) SI 2.75 
STI 2"27 

MIH(b) SI 2.27 
2.75 

Szz 2-27 

The interatomic distances (Table 7) are in good 
agreement with those known in copper-iron sulfides; 
for example: Fe-S 2.20 + 0.03 A and Cu-S 2.31 + 0.03 A 
in chalcopyrite (Pauling & Brockway, 1932), and 

SI SII SII 

2 / ~  is. MI~ v ~;7bJ -OJ.MII\ ,:,.27b~Hvlll~. 
£'/.UDI ~u SH~z~_b-::~)46~ Sl~.j~.o~"2:75x~, SI~"L.~--2-:_75x_ 2 2 s, 

Sll Sl Sl (a) (b) (c) 

M".S. M;,~-~..37~ 
12"37 ~ $ 1 ~  M~~_.__~V 2 3~;~-2~i"3~ 7 

: M l ' ~  

.MH~ (e) 
(d) 

Fig.  8. I n t e r a t o m i e  conf igura t ion  of me ta l  and  sulfur  a t o m s  
in the  me ta s t ab l e  fo rm:  (a) for MI, (b) for MII, (c) for MIII; 
(d) and  (e) show the  d is tances  be tween  the  sulfur  a t o m s  and  
the  centers  of the  t e t r a h e d r a  of me ta l  a toms.  The  z axis 
po in t s  d o w n w a r d  on all d rawings  excep t  (b), where  i t  is 
d i rec ted  upward .  

M I  tetrahedra are slightly displaced from the centers 
of the sulfur tetrahedra (Fig. 8(a)). The smallest 
distances between the sulfur atoms and the Mz atoms 
are 2.20/~, suggesting tha t  the MI positions are more 
likely to be occupied by Fe atoms than the other 
metal positions. The ST atoms are coordinated to 
three MH and three Miiz at  closer distances and to 
one Mz atom at a longer distance (Fig. 8(e)). The 
Szz atoms are coordinated to three Mx atoms at  closer 
distances and to one Mzz and one MHT atom at longer 
distances (Fig. 8(d)). 

L o w - t e m p e r a t u r e  f o r m  

The X-ray data of the low-temperature form give 
tetragonal symmetry  with cell dimensions a =  10-94 
and c=21-88 J~. The space group is P421c (D~d). 
Strong and medium reflections generally have similar 
intensities in the metastable and low.temperature 
forms, indicating tha t  the two crystal structures 
have a common basic structure. For the low-temper- 
ature form, however, the special extinction rules, 
which gave the clue to twinning in the metastable 
form, are no longer maintained, although the sub-cell 
with a=5 .47  /~ is still present. The additional reflec- 
tions of the low-temperature form fall into two groups : 
(a) reflections with h + k + l = 2 n ,  some of which are 
fairly strong, and (b) reflections with h + k + 1 = 2n + 1, 
which are very weak. 

There are two ways of explaining the disappearance 
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of the special extinction rules in the low-temperature 
form: (1) disappearance of twinning, as the crystal 
symmetry changes from rhombohedral to tetragonal; 
or (2) lowering of the crystal symmetry from rhombo- 
hedral to monoclinic, as the twin symmetry changes 
from cubic to tetragonal. In the absence of any mor- 
phological or optical evidence in favor of twinning, 
the latter hypothesis should be justified only by the 
structure determination. 

Although the structure of the low-temperature form 
was not actually determined, it seems certain that  
metal atoms, statistically distributed in the rhombo- 
hedral metastable form, would preferentially choose 
one of the sites in each position on transition. This 
ordering of metal atoms would be accompanied by 
slight adjustments of the surrounding atoms. The 
stoichiometric chemical formula confirmed for most 
natural bornite specimens suggests that  the Fe atoms 
are ordered in the low-temperature form. 

On the transit ion f rom the h i~h- temperature  
form to the metas tab le  form 

Fig. 9 shows the structural relations between the two 
polymorphic forms, both of which are represented as 
layer structures parallel to (0001). The structures of 
single crystals (=domain orientations) are shown for 
the metastable form. Both structures are built on 
cubic close-packing of the sulfur atoms. The statisti- 
cally distributed metal atoms are represented as 
bands. 

A X S X S~ 
B ~ / L / / / - ~  O' 75 M ~ ' ~ / , ~ ,  ;;~////~ M~. 

A ~ 0 " 7 5 M  
8 S ~"~'//7~/////////~#~/~411 
C ~ ~ 0 " 7 5 M  

C S S~ 

C ~ ~ ~ / / ~ 0 " 7 5 M  

~ ~ ~ / / ~ o . 7 s ~  

A ~ ~ ~ / , / / / / / " / ' ~  0.75M F/J'/////'?/'!'-/'-:~!7(/f::!:Z"!~Mrr 
B S Sj 
C ~ / / ' / / / / / ~ / / / / / / ~  0.75M ~!z,,,,,//,(/,/, ~ ....... '/,'//'q/,'ZAM., 

B ~ ~ O ' 7 5 M  
I', / / I / / 7 / / / / / / W "  7 /> '1 , ,  Si I 

C S 7///".:,'f ' Y/~////d////////@J M~ 
A ~ 0'75M 

A X S × S~ 
(a) (~) 

Fig. 9. Layer structures of two polymorphic forms: (a) high- 
temperature and (b) metastable. The positive z axis is up 
in (b) as in Fig. 6(b). 

The arrangements of the metal-vacant layers change 
their orientation according to a simple twin law in the 
metastable form as already mentioned. Domain 
structures appear on transition from the high- 
temperature to the metastable form. This indicates 
that  the metal-vacant layers cannot stably keep 
their orientation over a long distance. The diffracted 
X-rays from a crystal (--domain orientation) are not 
coherent with those from the other crystals. The 
domains themselves must, however, be small since 
the twins cannot be recognized as such by direct 
methods of observation. The volumes of the different 
domains must be nearly equal so as to simulate cubic 
symmetry for the specimen as a whole. 

Specimens of the metastable form can be described 
as twins in which the individual crystals are composed 
of a large number of small domains that  need not be 
singly connected. However, they are different from 
usual twins in that  most of the atoms build a con- 
tinuous periodic structure throughout the whole 
edifice, so that  the twin relations apply only to the 
vacant metal positions. I t  follows that  the pre- 
requisite for twinning, namely the existence of a 
multiple cell with higher symmetry or pseudosym- 
metry, is here remarkably well satisfied, and twinning 
should be frequent, as indeed it is; it always accom- 
panies the transition. Such slight structural re- 
arrangements take place that  the transition heat 
should be very small and the transition unquenchab]e. 

The author is indebted to Dr G. Kullerud for furnish- 
ing synthetic crystals of bornite and to Prof. J. D. H. 
Donnay and Dr G. Donnay for their critical discus- 
sions and reviews of the manuscript. The author 
expresses his thanks to Prof. R. Sadanaga for his 
interest and advice and to Dr F. Marumo for hi~ 
discussions of this work. 
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Azidopentamminecobalt(III) azide, [N3Co(NH3)5](N3)2, forms dark red prismatic crystals, with 
space group Pnam and unit cell dimensions 

a=12-997 +0-005, b=8.031 +__0.004, c=10-414±0.004/~. 

With four molecules per ~mit cell, the cation is required to have symmetry m. The azido group in 
the coordination sphere is asymmetric with N-N distances of 1.145 and 1.208/~. The angle Co-N-N 
is 124.8 °. The azide anion is symmetric and linear with N-N distances of 1.158 and 1.172 A_. The 
final value of the residual R was 7.5% for all the 1412 observed reflections. 

Introduction 

A survey of the literature revealed relatively few 
three-dimensional structure determinations of co- 
ordination compounds. Of the three-dimensional 
studies reported, a smaller number were concerned 
with a systematic study of the bonding in coordination 
compounds. We have decided to investigate the 
structures of a series of ammine complexes of cobalt 
and chromium to obtain structural information on 
these complexes. The following represents a report 
of the first structural investigations in the proposed 
study, azidopentammlnecobalt(III) azide, 

[N8 Co (NH3) 5] (N3) ~ . 

The bonding of the azido group in coordination 

compounds has been the subject of some speculation. 
Linhard, Siebert & Weigel (1958) concluded that  
the greater shift to the red in the infrared spectra of 
azidopentamminecobalt salts indicated stronger metal- 
to-nitrogen bonding compared with the chromium 
complexes. Linhard & Berthold (1958) speculated 
that  the lower impact sensit ivity of azidopentammine- 
chromium(III) salts resulted from the more polar 
character of the chromium-azide bond. Fujita,  
Nakamota & Kobayashi  (1956), however, concluded 
from a study of the N-N stretching frequencies in the 
infrared that  the cobalt-nitrogen bond in coordinated 

azides was more ionic than the corresponding chro- 
mium-nitrogen bond. The increased ionic character 
was used to explain the ease of aquation of the 
cobalt(III) azide complex compared with the chro- 
mium(III)  complexes. On the basis of infrared spectra 
of various azide complexes of cobalt(III), Staples 
& Tobe (1960) considered the azide group to be un- 
symmetrical  and linear with the Co-N-N angle 
between 108 and 120 ° . 

An X-ray crystal structure determination of 
azidopentamminecobalt(III) azide was undertaken to 
resolve the question of the bonding of the azido group 
in coordination compounds. The azide was chosen 
since it permits a comparison of both anionic and 
coordinated azides in the same structure determina- 
tion. 

Experimental 
Azidopentamminecobalt(III) azide forms dark red 
prismatic crystals. Rotation and Weissenberg photo- 
graphs were taken with two different crystals, one 
with a and one with b as the rotation axis. The 
systematic absences observed on the Weissenberg 
photographs were : 

0kl if I c+ l=2n+l  
hO1 if h = 2 n + l  
h/c0 no absences 
hkl no absences 


