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INTRODUCTION

Through X-ray, TEM, and neutron diffraction techniques, the 
bornite (Cu5FeS4)-digenite (Cu9S5) series has been investigated 
since the study of Frueh (1950). Due to the ordering of vacancies 
and/or metal atoms during phase transitions, several superstruc-
tures (2a, 3a, 4a, 5a, 6a) have been found in this series (see Fig. 
1). According to Pierce and Buseck (1978), the superstructures 
of type I present non-systematic extinctions, whereas superstruc-
tures of type II show systematic extinctions. For convenience, all 
nomenclatures for superstructures of bornite-digenite, such as 2a, 
3a, 4a, 5a, 6a, 2a4a2a, adopted in our papers, are consistent with 
those of Pierce and Buseck (1978). Superstructures are named 
as multiples of the a dimension of the cubic sub-cell (e.g., low 
bornite = 2a4a2a). Isometric structures are abbreviated by listing 
only one dimension (e.g., 3a3a3a = 3a). The dimension of each 
superstructure is a function of temperature and composition. 
According to previous studies, bornite occurs in three different 
polymorphs: low-, intermediate-, and high-temperature structural 
forms. The bornite structure is related to the anti-ß uorite structure 
with sulfur atoms in a face-centered cubic (fcc) substructure and 
metal atoms (Cu and Fe) distributed among tetrahedral sites. The 
high-temperature form is stable above 265 °C, and the sulfur at-
oms form fcc closest packing, whereas the six metal atoms (Þ ve 
Cu and one Fe) and two vacancies are randomly distributed over 
the eight tetrahedral sites; thus, each tetrahedral site is statistically 
occupied by 6/8 metal atom. Between 265 and 200 °C, the vacan-

cies and metal atoms are no longer randomly distributed over the 
tetrahedral sites, but are ordered at particular tetrahedral sites, 
which doubles the unit cell compared to the high-temperature 
form (Morimoto and Kullerud 1961). The middle-temperature 
form can be regarded as derived from the zincblende and anti-
ß uorite structures by alternating these two cubes along the three 
crystallographic axes, thus resulting in the 2a superstructure. On 
cooling below 200 °C, the middle-temperature form is believed 
to transform to a 2a4a2a superstructure with space group Pbca 
(Koto and Morimoto 1975). In this structure, the vacancies are 
further ordered along one direction to double the size of the unit 
cell, compared with that of the middle-temperature structural 
form. The 4a, 5a, and 6a superstructures can also form with 
the changes in the Cu/Fe ratio and metal/sulfur ratio at certain 
temperatures, as shown in Figure 1. Although many efforts 
(Frueh 1950; Donnay et al. 1958; Kullerud 1960; Morimoto 
and Kullerud 1961, 1963, 1964; Brett and Yund 1964; Morimoto 
1964; Roseboom 1966; Morimoto and Koto 1970; Morimoto and 
Gyobu 1971; Koto and Morimoto 1975; Putnis and Grace 1976; 
Putnis 1977; Kanazawa et al. 1978; Pierce and Buseck 1978; 
Van Dyck et al. 1979, 1980; Posfai and Buseck 1994; Bucur and 
Berger 1995; Berger and Bucur 1996; Grguric and Putnis 1998, 
1999; Grguric et al. 2000) have contributed to determinations 
of superstructures and phase transition mechanisms, the 3a, 4a, 
5a, and 6a superstructures are still unknown. The difÞ culties in 
superstructure determination arise from two major problems: 
(1) the data from X-ray and neutron diffraction are not good 
enough to conÞ rm calculations, and (2) non-systematic extinction 
in the diffraction patterns along the <101> zone axis (see Fig. * E-mail: yding@hpcat.aps.anl.gov
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ABSTRACT

The crystal structure and microstructure of bornite have been of great interest to mineralogists since 
the pioneering studies of Morimoto and his colleagues (Morimoto 1964; Koto and Morimoto 1975). 
Because many questions about bornite remain, we are re-examining its structure using HRTEM. High-
resolution transmission electron microscope (HRTEM) images taken along the <101> axis of bornite 
and processed by CRISP show variations of contrast between superstructure images and sublattice 
(1a) images. This contrast variation in the processed images is assumed to arise from vacancy order-
ing. Atom coordinates in the 4a-I and 6a-I superstructures are determined with the assumptions that 
superstructures possess the same symmetry as the sublattice and metal atoms occupy tetrahedral sites. 
Final structural models of 4a-I and 6a-I superstructures are calculated using simultaneous equations 
involving structure factors derived from Fourier transforms (FT) of HRTEM images, and the results 
are conÞ rmed by image and diffraction simulations. With these models, the non-systematic extinctions 
are explained by the statistical vacancy ordering patterns. However, due to various approximations, 
the structures proposed are only possible models, but not unique solutions. So far, no low-temperature 
structure of bornite (2a4a2a) has been observed, but 1a, 2a, and 4a-I or 6a-I superstructure domains 
are always found to coexist in bornite near room temperature. We have also found that electron beam 
damage can induce the 1a2a1a superstructure.


