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POLYMORPHISM IN DIGENITE

N. Monrlrorol aNo G. Kur.ronuo, Geophysical Laboratory,
Carnegie Institution of Washington, Washington, D. C.

Assrnlcr

Single-crystal investigations of synthetic as'll'ell as natural specimens have revealed
the existence of three polymorphs of digenite. These are a high-temperature form, a low-
temperature form, and a transitional metastable form, in close analogy with the bornite
polymorphs described earlier. The high-temperature form is stable above 73ot3o C. and
has cubic symmetry with a:5.570+0.005 A. The unit cell contains cuz.s-"Sa. The space
group is Fm3m.The crystal structure of this polymorph was determined. The arrangement
of the sulfur atoms is that of cubic closest packing, and Of t0 of the copper atoms occupy
statistically 24 equivalent sites inside the sulfur tetrahedra. The coordinates are *:0.310,
, :0.300,  z:0.290 for  7.2 C.. ,21d 5:y:s:Q f61 {9.

The metastable form, which is obtained by cooling from 73o *3o C. or higher tempera-
tures, has cubic symmetry with a:27.85t0.05 A and space grotp Fd3m. The special
extinction rules observed among the r-ray reflections indicate that this cubic symmetry
can be interpreted as due to twinning of fine domains with rhombohedral symmetry. This
form is the same as that which was described as the low-temperature form of digenite
(a.n:16.16 A, a:13o56') by Donnay et al,. (1958). However, it was found to be transi-
tional metastable in the present study. rt changes gradually with time to a stable low-
temperature form. T}is form also has cubic symmetry with a:27.85 *0.05 A, without the
special extinction rules. rts structure can be explained by twinning in the same way as that
of the metastable form.

Synthetic material of exact Cus55 composition behaves slightly differentiy from natural
digenite, suggesting that the composition of digenite should be formulated as Cus_,Sa
The thermal behavior of natural digenite is readily explained through its close analogy to
that of synthetic Cus-,Ss.

h.rrnooucrroN

Digenite is a relatively common mineral occurring in small amounts in
numerous important ore deposits where it commonly is associated with
chalcocite and bornite. ft forms over a wide range of geological conditions
and has been reported to occur erratically distributed in some basic in-
trusives and occasionally disseminated in other basic rocks. Recently it
has been reported as an exhalation product, and also occurs in some meta-
morphic rocks, in pegmatites, as a constituent of some high-temperature
qtrartz veins, and even in many sediments. Digenite usually occurs in
aggregates of anhedral grains but sometimes is found in well developed
euhedral crystals. Previous studies of synthetic crystals indicated the
existence of two polymorphs and an inversion temperature in the 47o to
80o C. range. The purpose of this investigation is to determine the tem-
perature of inversion and to investigate the structures of the polymorphic
forms.

1 Present addtess: Mineralogical Institute, University of Tokyo, Tokyo, Japan.
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Pnevrous h.rvnsucarloNs

Donnay et al. (1958) reviewed the early literature on the structure of

digenite. They also studied crystals of synthetic digenite by r-ray single-

crystal methods and observed a reversible non-quenchable transition at

about 65o C. in digenite of Cus.sS6 composition. The low-temperature

f orm of this material had a f ace-centered cubic lattice (a: 27 .7 I A), which

on the basis of extra-extinction rules was explained as the result of twin-

ning of fundamental crystals having a rhombohedral cell (o.r,:16'16 A,

a:13o56'). A tentative structure assuming the space group R3m was
proposed on the basis of this rhombohedral cell.

Djurle (1958) also did r-ray studies on synthetic products and reported

the inversion in CugSs at 78" C.
The literature does not report any complete chemical analysis on

digenite performed subsequent to its establishment as a mineral species.

However, several analyses exist of "blue chalcocite," which Buerger
(1941, 1942) showed to be identical with digenite. These analyses (Pal-

ache et al., 1944) indicate that natural digenite takes some iron into solid

solution. When iron is not present digenite apparently is of, or close to,

CueSr composition.

MarBnrers fNvBsrrcarBo

Synthetic d.igenite. Digenite was synthesizedby holding mixtures of cop-
per and sulfur (of required composition) at fixed temperatures for various
periods of time. The technique employed involves the use of rigid silica

tubes. The products were chilled rapidly in cold water and identified at

room temperature by optical and r-ray methods. Some of the digenite

single crystals grown in this way were later investigated at elevated tem-
peratures by Buerger's r-ray precession method.

Starti.ng materials. Digenite of CugS5 composition was grown from

mixtures of the elements without catalytic agents or additional compo-
nents. The copper (99.999*per cent Cu) and sulfur (99.993*per cent S)

used in these experiments were of the same materials used by Morimoto

and Kul lerud (1961).

Equipment. The experiments were performed as described by Mori-

moto and Kullerud (1961) for bornite synthesis. The free space in each

sil ica tube was reduced as described by Kullerud and Yoder (1959). The

vapor pressure over digenite is low. Accurate data are lacking, but

Kushida (1952) reports a pressure ol 22 mm Hg at 550' C. over a chalco-

cite-digenite mix-crystal without specifying exact composition' Sulfur

cannot be distinguished as a phase over CugSs crystals at 600o C' For

these reasons negligible amounts of sulfur were lost to the vapor phase'

The regrinding described for bornite synthesis (Morimoto and Kullerud,
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1961) was not a necessary process for digenite synthesis, although when
empioyed it shortens the required hbating period for attainment of homo-
geneous digenite crystals. Starting with Cu and S a homogeneous digenite
phase was obtained at 600o C. in less than 2 weeks. When the heating was
interrupted by grinding alter 24 hours, during which time all sulfur had
reacted, only 6 days of additional heating were required to produce homo-
geneous digenite at 600o C.

Quench procedure. The silica tubes were plunged into water as quickly
as possible at the termination of each experiment, reaching room temper-
ature in a few seconds. The form of digenite that is stable at elevated
temperatures cannot be retained even by the most rapid chil l ing, thus
quenching of this form is not possible. However, the rate of chil l ing does
influence the nature of the product. l'he effects of chilling are given later.

Description of the CusSs phase. The morphology of digenite crystals,
synthesized in a manner nearly identical to that employed in the present
investigation, was described by Donna.y et ol,. (1958). Our observations
concur in all respects with those of Donnay et al., and the morphology,
therefore, wil l not be discussed here. The crystals used in our studies
measured about 0.1X0.1X0.1 mm, but many were much larger. The
maximum size was about 2X2X2 mm.

Natural' digenite. We examined digenite crystals from two localities in the
Leonard Mine, Butte, Montana. One of these specimens was obtained
from the Smithsonian Institution (No. R 9925) and the other was col-
lected by Kullerud.

X-Rev SruorBs

The Buerger precession method was used extensively, and the Weissen-
berg and oscil lation methods were used frequently during the investiga-
tions of synthetic and natural digenites. The r-ray targets were Fe, Cu
and Mo, wi th Ka wave- lensths:  Fe:1.9373.  Cu:1.5418.  and Mo
: 0 . 7 1 0 i  A .

Because of the non-quenchable inversion occurring in the 47"-80o C.
temperature range, it was necessary to study tbe crystals below, as well as
above, the inversion temperature. The modified Buerger precession
camera was used for this purpose (Morimoto and England, 1960; Mori
moto and Kullerud, 1961). In this technique the mounted crystals are
heated in air, and, although the highest temperature needed is only 80"
C., caution is required to avoid oxidation of the crystals. The first r-ray
photograph of each crystal was made at room temperature. After rapid
heating the next photograph was made in 30 minutes to t hour at the
desired temperature. The crystal was then cooled rapidly and a third
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exposure was made, again at room temperature. A final exposure was in
each case made after storing the crystal in air at room temperaturelor 2
days. The first and last photographs of each crystal were identical, indi-
cating that oxidation did not afiect the crystal structure sufficiently to be
detected by r-rays.

Porylronpurslr

The metastable ond. the low-temperature Jorms. Crystals of composition
Cug-,Sr (where r varies from 0.05 to the value determined by the limit of
solid solution of CuS or S in digenite at any given temperature) have a
cubic cell when chilled from above the inversion temoerature. The cell
edge changes f rom 27.80 A (5.56X5) for  Cus.gaSr Lo 27.70 A (S.S+XS) tot
Cun-,S where r:0.2.

Frc. 1. Precession photographs of (1T0)e* of (a) synthetic digenite of Cus sSs composi-
tion rapidly cooled from 600o C.; (b) natural digenite from Leonard Mine, Butte, Mon-
tana; and (c) synthetic digenite, CueS5, rapidly cooled from 300o C.

The precession photograph of (110)6* of a synthetic crystal of composi-
tion Cug.e6S5 and chil led from 600o C. is given in Fig. 1a. We refer to this
form as the So-type because its cell length is five times that of the high-
temperature form, which is described later and which we will refer to as
the o-type.

Crystals of composition CugSr and Cug+."Ss also have a cubic cell when
chil led from above the inversion temperature. When x:0 a cell dimen-
s ion of  a:33.36 A (5.56X6) is  obta ined,  and when x:O. l  a  cel l  d imen-
sion of a:33.42 A (S.SZXO) is obtained. We refer to this form as'the 6o-
type. A precession photograph of (110)6* of the 6o-type is shown in Fig.
1c. This material, which has the composition Cue1"S, where *:0.05, was
chilled from 300" C. The precession photographs of both the 5o- and
6a-types show superstructure reflections located at equal intervals be-
tween the main reflections due to the fundamental sub-cell.

Donnay et al. (1958) observed the So-type structure in the material
wi th o:5.54 A and composi t ion Cus.sSr.
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Buerger (1942) did not observe certain reflections (I19.:223,6, and
991":665.o; which are more intense in the So-type than other reflections
that he did observe such as 222 (or 10,10,10, referred to the large cube).

This indicates that Buerger Q9al in reality observed the 6a-type
structure in which the 119" and 991" reflections are extinct. Further evi-
dence that Buerger (1942) observed the 6o-type is the cell dimension of
o:5.565 A (calculated from d values given in Table 1 of Buerger, 1942),
which indicates about Cug.orSs composition.

Donnay et al. (1958) pointed out two characteristic properties of the
chil led products: (1) the superstructure with a fundamental sub-cell
(a:5.5a-5.56 A) and (2) the special extinction rules for the superstruc-
ture reflections. The diamond-shaped areas with complete lack of reflec-
tions in Fig. 1a and Fig. 1c demonstrate that only the reflections l}m* L,

Taslo 1. X-R.q.v DrrnnMrNATroN ol rnn TcupTRATURE op rnn DrGBNrre fNvrnsrox

a. CueSa synthesized at 6000 C. b. Cus orS; synthesized at 300o C

T , o C T , O C . Form

Z J

82

72
25

modified 6o
high (o)
high (a)

6a
modified 6a

25
85
81
80
72
67
25

modified 6o
high (o)

high (a)

high (a)

6a
6a
modified 6o

lUn*L, Z occur in the Sa-type and that only the reflections l2mtL,
I2n* L, Z occur in the 6a-type structure.l

However, the special extinction rules only apply for a limited time after
the crystals have been chilled. Re-examination of crystals after they have
been stored in air for 2 days reveals the appearance of weak intensity
reflections which void the special extinction rules both for the 5a- and
6o-type structures. Of these new reflections the most remarkable are the
577. and 5.5.10" in the 5o-type and the 6.6.lt.and 6.6.13" in the 6o-type.
The intensities of the new reflections increase noticeably over a period of
several days subsequent to the chil l ing. The superstructures containing
these additional reflections are referred to below as the modified 5o- and
the modified 6o-types.

The changes in the modified So-type were completed after 5 days.
Further changes were not observed even after the crystal had been kept
for many months in air and at room temperature.

t m and, z represent any integer including zero.
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The pattern of the modified Sa-type is shown in Fig. 1b, which is a
precession photograph (110)0x of digenite from Leonard Mine, Butte,
Montana. The modified So-type, therefore, is stable and the So_type is
metastable at room temperature.

tions are due to a compound of approximately cur.sos composition. The
stability of this compound is evidenced by its occurrence in nature as the
mineral djurleite (Morimoto, 1962).

Although digenite and bornite form a complete solid-solution se-
ries at high temperatures (Kullerud, 1960), the r-ray reflecti.ons of low_

from the metastable forms to the low-temperature forms are slightly
different for digenite and bornite.

The high-temperature Jorm. rn order to investigate the high-temperature
form natural digenite (modified So-type) and synthetic digenite of the
6a-type were examined. The modified Buerger precession camera (Mori-
moto and Kullerud, 1961) was used for this purpose.

The precession photographs of Fig. 2 taken in the (1r0)o* direction are
of digenite from Leonard Mine, Butte, Montana: (o) at room tempera_
ture before heating, (6) while heated at 80o*3" C., and (c) at room tem_
perature within a few hours after heating. All exposures were of 30 minute
duration and were made with cu radiation (45 KV, 20 MA) without
filter. The superstructure reflections of Fig. 2a, incruding strong reflec-
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(b)

( oo t )  c

(o)

(oo t )  c

l l O J c ( t t o ) c

Frc. 2. Precession photographs o{ (1r0)ox of natural digenite, Leonard Mine, Butte,

Montana, taken (a) before heating, (b) at 80" +3' C., and (c) shortly after heating (30 min-

utes exposure, cuKa, 45 KV, 20 MA, rvithout filter). The precession diagrams of (a) and

(b) are given in (d) and (e), respectively, with reflection indices.

t ions such as 119", disappear on heating to 80o C', as seen in Fig' 2b'

Schematic diagrams and indices demonstrating the change due to heating

are given in Fig. 2d and e.
The ceil constants obtained from the precession photo-graphs are: o

:5.552X5 A for  the modi f ied So-type (F ig.2a) ,  o:5 '567 A for  the h igh-

temperature form (Fig.  2b) ,  and o:5.557X5 A for  the 5o- type (F ig '  2c) '

The high-temperature form of digenite is isostructural with that of bor-

nite (Morimoto and Kullerud, 1961).

Temperature of inrtersion. Synthetic materials of , or close to, CueS5 com-

position were also studied by the modified Buerger precession method in

order to determine the temperature of the inversion. The results of these

experiments, given in Table 1, indicate that the inversion takes place at

730 + 30 C.
The cugS5, and cus.orSr materials were chil led from the temperatures of

(d  ) (e  )
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synthesis and r-rayed a few hours later. Both showed the pattern of the
modified 6a-type structure. Then the materials were heated at the tem-
peratures indicated in Table 1a and b. Each exposure lasted from 30
minutes to t hour, and the desired changes in temperature after each
exposure were accomplished in less than 10 minutes. Each sample was
immediately cooled to room temperature (2s'c.) at the termination of
the heating experiments. Finar exposures 1 to 2 hours after cooling gave
the modified 6a-type structure for CusSs as well as Cus.orSr.

Cnysrar Srnucrunrs

were determined considering the difierences in the exposures and were
corrected for Lorentz and polarization factors. corrections were not
applied for absorption and extinction. The relative F values were trans-
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Tanr-e 2. Tnr Arourc CoonorNarns or Hrcn-TTupERATURE Drcnlttrr

- -
No. of positions No. of 

n
(notation) atomsAtom

S
Cu

4 (a)

r92 (c)
4
7 . 2

0
0 .310

0
0.300

0
o.290

centered close-packing. This structure is schematically shown in Fig' 3'

The atomic coordinates are given in Table 3. The calculated values of

structure factors are given in Table 2. Temperature factors used are B

--2.0for the sulfur atoms and B:4'O for the copper atoms' The R factor

for fifteen reflections is 12.6 per cent including reflections not observed'

It is of interest that the cu atoms are statistically distributed over 192

5 . 5 7A

5 5 7 A

Frc. 3. The structure of high-temperature digenite' Large white circles' sulfur

atoms; black circles, statistically distributed copper atoms'



DIGENITE 119

equivalent sites inside the sulfur tetrahedra even at a temperature as low
as 80o c. This is exactly the same situation as was observed in bornite at
240" c. (Morimoto, in preparation). Although this structure is slightly
different from the "l iquidJike" structure found in a-AgI (Strock, 1934,
1935), it is certain that the cu atoms are in a "mobile" state. The identity
with bornite explains the complete solid solution between the two min-
erals above the inversion temperature (Kullerud, 1960).

The metastable and the low-temperature f orms. The crystal structures of the
metastable and the low-temperature forms are closely related, but the
metastable form is somewhat less complex than the modified Sa-type.

t^"* '' t"'-^.""1 
flt.h":"X"fi"J 

Srnucrunn Facrons

:
Fob". Antifluorite structure Final structure

002
004
006
1 1 1
1 1 3
l  l J

220
222
224
331
333
335
440
442
M4

,^
54

49
J /

10
109
zo
J /

10

25

10

- 1 1 2 . 8
r09.4

_36 .4

30 .0
r 7  . 6

152.6
-  70 .8

8 7  . 2
24 .0
20 .8
12.0
69.0

-31 .6
44.5

- 7 4 . 4

5 7  . 4

1o.z
43.7
3 2 . 8
1 5 . 8

r11.2
- 2 3 . 8

35  .3
1 8 . 8
? ? l

4 . 8
2 2 . 1
9 . 0

1 0 . 6

Donnay et al. (1958), who observed the metastable form of synthetic
digenite, on the basis of a twinning hypothesis derived the fundamentai
rhombohedral sub-cell with space grotp R3m and explained the special
extinction rules for the superstructure reflections.

This rhombohedral cell has at :16.16 A, a:13o 56,, and contains one
CugSr. The rhombohedral crystals are in twin relation with 3J7.5 as the
twin axis producing cubic symmetry coilectively.

Based on studies of the crystal structure of bornite (Morimoto, in
preparation), the superstructure of the metastable (5o) form of digenite
can be expiained as in Fig. 4b on the basis of the rhombohedral cell. This
superstructure is derived from the high-temperature form in which sulfur
atoms occupy the nodes of the cubic face-centered lattice and each tetra-
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T"
9.65 A

ItA*
LJ

o

4A.24 A

(n  )  (b  )
\ v  /

Frc. 4. The crystal structure of (a) high-temperature digenite and (b) metastable

digenite. The body diagonal [111] is drawn through five unit cells of the high-temperature

form to illustrate similarities with the rhombohedral cell of the metastable form.

hedron contains 9/10 Cu atom which is statistically distributed at 24

equivalent positions. The structure of the high-temperature form can be

interpreted as stacking of S and Cu layers which are all parallel to (111)

(Fig. aa). The order of the layers is represented as Cu S Cu Cu S Cu Cu
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S Cu -. If we take an S layer sandwiched by two Cu layers, CuSCu, as
unit, the structure may be described as stacking of sandwiches. Now, if
we were to take away one cu layer from every fifth sandwich and re-
distribute equally these cu atoms among the remaining nine cu layers,
we would obtain the structure of the metastable form. rn this structure
each sulfur tetrahedron contains 1.0 cu atom. rnstead of statistical dis-
tribution of the cu atoms over 24 equivalent positions in the sulfur tetra-
hedra as in the high-temperature form, the cu atoms are in the meta-
stable form statistically distributed in only four equivalent positions, in
the same way as in the metastable bornite.

Thus, in the transition from the high-temperature to the metastable
form, all sulfur atoms and $ of all cu atoms stay approximately in their
original positions and only $ of the cu atoms migrate or difiuse in the
structure to produce vacant positions. These relations are given schemat-
ically in Fig. 4. This transition mechanism implies a very small Afl and
explains why we were not able to detect the inversion by DTA experi-
ments.

The low-temperature form of digenite has additional reflections which
modify the So-type of the metastable form. This modified Sa-type struc-
ture has the same cell size and space group Fd,3m as the original So-type
structure. Although the special extinction rules for the reflections do not
exist in the low-temperature form, the intensities of the additional reflec-
tions are generally very weak, except (557)" and (5.5.10)". For this reason
it is assumed that the low-temperature form represents an ordering of the
metastable form. The ordering may be ascribed to the preferential occu-
pation of cu atoms among the four possible positions in the sulfur tetra-
hedra and some adjustments among the sulfur atoms surrounding the cu
atoms.

Natural d.igenite. one of the two studied digenite specimens from Leonard
Mine, Butte, Montana, has well developed crystal faces and contains
some exsolved bornite. The crystals of the second specimen (obtained
from the Smithsonian rnstitution, No. R 9925) are not euhedral but show
good cleavage parallel to (111). This specimen also contains some bornite
and djurleite (Morimoto,1962). Digenite crystals from both specimens
were examined with the precession camera and were found to possess the
modified Sa-type structure given in Fig. 1b.

The fact that compounds with exact CugS: or Cus+"Ss composition
show first 6a-type structure and then finally change to the modified 5o-
type and djurleite indicates that digenite has Cug_,Sr composition or even
(Cu, Fe)e-,S5 where some small amounts of iron may substitute for cop-
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Frc. 5. The powcler patterns of synthetic Cue sS; with the modified Sa-type

structure and digenite, Leonard Mine, Butte, Montana'

per. The powder patterns of natural digenite and the synthetic So-type

are given in Fig. 5.
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