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ABsrRAcr

A comparison of the crystal structures of the
minerals chalcopyrite, CuFeSz ftIall & Stewart 1973),
talnakhite, CueFesSl6 (Hall & Gabe 1972), mooi-
hoekite CusFes$s (HaI & Rowland 1974) and, hay-
cockite CuaFe5Ss (Rowland & Hall 1975) is made.
Tho metal-rich minerals are related to chalcopyrite
by additional metal atoms located at interstitial sites.
and have structur€s consistent with stoichiometric
compositions. The interstitial metals can tre de-
scribed iu terms of metal-coordination octahedra
which vary in size according to the packing ar-
rangements.

INrnooucrroN

The crystal structure of chalcopyrite, CuFeSr,
was first investigated by Burdick & Ellis in 1917,
and has been studied by a nr:mber of workers
since, most recently by Hall & Stewart (1973).
In the last few years three new minerals closely
related to chalcopyrite have been discovered.
They are talnakhite CusFeesro (Cabri & Harris
1971), mooihoekite CusF€eSro aod haycockite
CqFeoSr (Cabd & Hal|L972). The crystal struc-
tures of these minerals have been determined
(tlall & Gabe 1972; Hall & Rowland 1974;
Rowland & Hall 1975), and this paper zum-
marizes the results of these studies and identi-
fies their relationship to eash other.

Drscussrorv

The crystal data for chalcopyrite, talnakhite,
mooihoekite and haycockite are su'nmarized in
Table 1. For these minerals the relative unit cell
volumes V/V ncreasr, with an increasing metal-
to-sulphur ratro. Z is tle number of pseudo-
cubic sphalerite-like cells which form the basic
lattice of these minerals. The V/Z values pro-
vided the first indication that the corrpositions
of these ,minerals were metaldch ratler tlan
sulphur-poor: They also provided early evidence
that the basic structural mechanism for these
minerals was based on the addition of metal
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atoms at the interstitial sites of a sphalerite-like
arrangement of sulphur and metals, rather than
on metal-substitution or sulphur-removal which
are the other two structural mechanisms pos-
sible for this type of cubic close-packed arrange-
ment of atoms. On this basis, the compositional
data determined by electron-microprobe meth-
ods (fable 1) were considered in terms of an in-
tegral number of sulphur atoms. The resulting
chemical formulae contain an integral number
of metal atoms, within the estimated standard
deviation of the probe measurements. This was
the ffust evidence that the chemical formulae for
these minerals were stoichiometric Glall 1974).

Interstitial metals

The principal structural aspect common to
talnakhite, mooihoekite and haycockite is the
presence of extra metal atoms located at inter-
stitial sites of the ccp sulphur lattice. Minerals
related in this way are sometimes referred to as
"stuffed derivatives". In these structures each
additional intentitial rnetal atom has a first-
order tetrahedral coordination to sulphur atomsn
at interatomie distances of about 2.3A, and a
second-order octahedral coordination to "reg-
ular" metal atoms, at about 2.7A. The proxi-
mity of tle interstitial metals to the surrounding
"regular'n metal$ is oipificant in view of the
fact that the metallic Fe-Fe and Cu-Cu distances
are only 2.48 and 2.56A respectively. Though
these distances do not give rise to purely metal-
lic properties for these minerals, the resulting
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second-order metal-octahedra are a most im-
portant'component in relating the chalcopyrite-
like structures. An examination of the metal-
octahedra packing in these structures (see Fig.
1) illustrates clearly their fundamental structural
character. There are, of course, a number of
other structural differences, such as metal-type
ordering but these tend to be of lesser impor-
tance. In every structure the presence of an in-
tsrstitial metal displaces the surrounding six
o'regular" metals outwards from the positions
they occupy when this site is vacant. Distortion
of the sphalerite-like lattice due to the addition
of interstitial metals is conveniently described in
terms of the second-order octahedral coordina-
tion surrounding each interstitial metal site or
each "potential" interstitial metal site. For the
sake of brevity each of fhe "regular" metal atoms
at the vertices of the metal-octahedra is denoted
by aa M; interstitial sites which are unoccupied,
by an Mo; occupied interstitial sites which are
not adjacent to other interstitial metals, by an
71/+; and occupied intentitial sites which are ad-
jacent to other interstitial metals, by an M*. For
comparative puqposes it is also useful to qonsider
one other octahedral site, lul'based on the hypo-
thetical position of an interstitial metal in the

cp
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raspective unit cells of the minerals. The (M-
-l> Cistanse would then be half the length of
the pseudo-cubic cells which make up eaoh
struciure (V n Table 1 gives the number of
these cells).

The metal-octahedra coordinating each M',
Mo, M+ and M* site are referred to as "ideal",
oovacant'nn "isolated" lad "linkgd", tespectively.
A summary of the metal-metal distances for
the different structures is given in Table 2. T:he
similarity of. the <M*Iuf) for the "ideal" met'
al-octahedra is, of course, consistent with the
common struotural feature of these minsls'ls,
the sphalerite-like arrangement of metals and
sulphurs. Metal-occupied octahedra which are
isolated in the lattice (i.e' coordinated to M")
are significantly larger than those that are

557
1r

Frc. 1. The crystal structgres of chalcopyrite (cp), talnakhite (ral), mooihoeklle (mh) and haycockite (hc)

aro shown scfiematically in terms of sfraterite-type "cubes" of metals and sulphurs. (detailed in the

upper-left corner), and in terms of interstitial metal-octalredra. The a, b alord c dimensions of the

"cubes" are given (in angstroms) for each structure.
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TBP. trJgonal blpyfeldll

an antiferromagnetic structure from its struc-
tural similarity to the ofher .minerals in the
S€fI9S;

The antiferromagnetic i+=zd stucture of chal-
copyrite arises from the two Fe(4b) atoms being
tetrahedrally arranged (with two Cu(4a) atoms)
about each sulphur atom and having opposed
moments aligned along the c-axis. The magnetic
coupling between the Fe atoms is via tle sul-
phur atom and is generally referred to as an
Anderson superexohange interaction. The sul-
phur coordination-tetrahedra of two irons and
two coppers also form significant portions of
the structures of talnakhite and mooihoekite,
and this is expected to account for the antiferro-
magnetic aspect of these minerals.

Thermal motion
The relative rnagnitude of the thermal motion

for the Cu, Fe and S atoms in these minerals
is remarkly consistent. The average isotropic
temperature factors, <B>, summarized for
these atoms in Table 3, show that the thermal
motion of the iron atoms is consistentlv lower
than that for copper atoms. This was also found
to be the case for cubanite CuFezSls (Szymanski
1974), The relative difference for Fe and Cu
atoms may be expected for several reasons: the
stronger covalent interaction between iron and
sulphur over copper and sulphur, as witnessed
by the consistently shorted Fe-S distances over
Cu-S (see Table 2); the magnetic exchange in-
teraction between the Fe atoms but not the Cu
atoms; and lastly the proposed higher effective
charge of Fe atoms over Cu atoms (Ilall &
Stewart 1973). lt should be stress€d, however,
that while the .r-ray diffraction analyses provide
the relative magnitudes of the thermal motion of
these atoms to a reasonable degree of certainty,
they provide little insight into the cause. Never-
theless, in the structural study of these minerals

tR. lrcgutar
D. distorted

"linked". That is, LM-M+ 2 are greater than
<M4iI4> .This is because the addition of the
intentitial metal into an "isolated" site is facili-
tated by an outward movement of the M-atoms
which is not prevented by an opposing distor-
tion from adjacent occupied metal-oCtahedra.
The contraction of all surrounding ,,vacanf,
octshedra is ryitnessed by the relatively smaller
<M-Mo> distances. For structures containing
only isolated metal-octahedra, the contraction
of adjacent vacant metal-octahedra enables the
repeat unit of the sphalerite-like lattice to re-
main essentially unchanged. The 1M-Mr7
distances show tlat this is the case for all lat-
tice direstions in talnakhite, the r and y direc-
tions in mooihoeki.te. and the e direction in hav-
cockite. When two'ooccupied" metal-octahedia
aro adjacent (i.e. "linked") expansion in the di
rection of the sommon M atorn ocsur without
an over-all expansion of lattice in this direction.
The increased energy required for lattice expan-
sioq results in significantly srnaller <M-M'p>
than <M-M*> distances for these directions.
This is the case for the e direction of mooihoe-
kite, and the r and y directions of haycockite.
The extent of the lattice expansion due to the
adjacent interstitial metals san be gauged by the
difference between the two <M--Mr> distances
for mooihoekite and havcockite.

Magnetic structure

The magrretic structure of chalcopyrite has
been established as antifemomagnetic by Don-
n.ay et al. (1958) using neutron diffraction tech-
niques. Mdssbauer and magnetic susceptibility
studies of talnakhite and synthetic mooihoekite
have shown them to be predominantly antiferro-
magnetic (Iownsend et al. 1972). Haycockite
has not been extracted in sufficient purity or
quantrty, nor has it been synthesized to enable
magnetic studies.. However, it is expected to have
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the isotropie temperature factors did provide,
along with the "regularily" of. the metal eo-
ordination polyhedra (see Table 3), an inpor-
tant guide to determine the metal-ordering.

Metal-ordering

The metal-ordering in chalcopyrite is deter-
mined unambiguously from electron-den!ity
considerations (Hall & Stewart 1973). However,
for the more complex structuxes of mooihoekite,
talnakhite and haycockite this is not feasible due
to the rapid rncrease of the ratio of the number
of refinable atomic para,meters over the dif-
fraction data available. The resulting decrease
in electron-density resolution is accentuated by
the superstructure nature of these minerals, and
their propensity for integral .twinning. Both
theso factors made the measurement of diffrac-
tion data relatively difficult and as a conse-
quence, meant that electron-density considera-
tions could not be used alone to identify metal-
types An identification approach evolved in the
study of these structures that was based largely
on the relative thermal motion of the metals and
the regularity of their metal polyhedra. A sum-
mary description of the metal tetrahedra for
these structures is given in Table 3. This shows
tha! in general, the iron tetrahedra tend to be
"regular'o whereas those containing a copper
atom are not. The joint agreement of a low
(B) value and a "regular" tetrahedron was
used in a number of cases to identify iron atoms,
though tlere were exceptions. For this reason it
should be stressed that this procedure is large-
ly ernpirical, and the metal-ordering reported
for these structures is by no means unequivocal.
There is no question, however, that the metal-
ordering proposed for talnakhite and mooihoe-
kite has a hlgh ccrrelation with both structural
and magnetic considerations. In th,e case of hay-
cockite, the lack of magnetic data" the much
lower atomic resolution of the x-ray diffraction
data, and the general irregularity of the metal
tetrahedra makes the assignment of metal types
less reliable.

Powder patterns lrom single-crystal data

fhe gimilffity of the r-ray pofder patterns of
talnalhite, mooihoekite and haycockile to that
of chalcopyrite has been discussed by Cabri &
H^11 (1972). In particular, for mooihoekite and
haycockite it is difficult to obtain a characteris-
tic powder pattern due. to problems in obtaining
sufficient pure material. Besause of the consider-
ably higher precision of the single crystal dif-
fraction data, reliable powder patterns for these
minerals may be sonstructed for the measured
diffraction maxima. Table 4 gives the d-spacings

512 1 .01  7  9
336 r.013 6
] l l0  1 .004 5
440 0.935 7
4M 0.9n V

i Pdder dlffractJon dat! generatad tr@ n@wad slngle crystrl lntensltl6
lslng the prcgrM PoIJGEN (Hall & szJ@nskl 1975), Pohder intensltles ra
'lnclude lGland Klz c@pment.3 and .3s@ negllgJble absorptlon.
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and iniensities determined from the measured
diffraction data of chalcopyrite GfaU & Stewart
1973), talnakhite (Ha[ & Gabe 1972), mooihoe-
kite (Hall & Rowland 1973) and haycockite
(Rowland & Hall 1975).
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