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The modulated structure of cubic CuoBiSg
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Abstract

Quenched single crystals synthesized at about 550°C in the compositional region about
CuyBiS were found to reveal non-integral type satellite reflections. These superstructure
peaks have been studied in detail. The substructure obtained using only main reflections is
cubic, space group Fm3m, with a = 5.563(DA; and it has a structure similar to cubic a-
chalcocite. Through analysis of the partial Patterson function, the superstructure of the
material was found to consist of periodically spaced clusters of Bi and Cu, which are
alternately distributed according to a face-centered cubic arrangement. The superstructure
shows good agreement between observed and calculated intensities. The repeat distance
and the regularity of the long-range ordering appear to change with crystal composition;
these observations can be explained on the basis of the structure obtained in this study. The
same kind of modulated structure is observed in another quenched material Cu;BisSy, in
the Cu,S-Bi,S; system. At high temperature, these phases exist with a disordered metal
distribution, and the metal clusters of both materials are considered to be produced during

quenching from high temperature.

Introduction

The first systematic studies on the phase relations
of the Cu,S-Bi,S; join were carried out indepen-
dently by Sugaki and Shima (1971, 1972) and Buhl-
mann (1971). Their phase diagrams coincide except
in the region between Cu,S (chalcocite) and Cu;BiS;
(wittichenite), where Sugaki and Shima recognized
an independent phase, CuoBiSs, but Buhlmann
found only a broad solid solution range of Cu,S
instead. Sugaki and Shima reported that Cu,S and
CugBiS¢ had similar structures at high temperature,
and it was difficult to distinguish between them in
the X-ray powder patterns. Quenched products
rarely retained the phases present at run tempera-
ture, and those quenched from above 400°C usually
showed several weak additional peaks.

As is well known, chalcocite, Cu,S, has three
quite different polymorphs, stable at different tem-=
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peratures. y-chalcocite, which is stable up to about
103°C, is monoclinic and has a very complicated
crystal structure based on hexagonal close packing
of sulfur atoms (Evans, 1971; 1979). B-chalcocite,
which is stable between 103° and 435°C, is the high-
temperature form of the y-chalcocite and is also
based on a hexagonal close packing. Copper atoms
in the B-chalcocite are distributed statistically into
their tetrahedral and trigonal sites (Wuensch and
Buerger, 1963; Sadanaga et al., 1965). On the other
hand, a-chalcocite, which is stable above 435°C,
has a structure in which sulfur atoms are cubic close
packed, and copper atoms occupy their tetrahedral
interstices (Morimoto and Kullerud, 1966). If the
compounds close to Cu,S composition in the Cu,S—
Bi,S; system retain the B- and a-chalcocite struc-
tures, as suggested by the previous investigators, it
is clear that there remains no site that can accom-
modate such a large atom as Bi other than an
octahedral hole in the close packed sulfur frame-
work. If that is true, however, Bi and Cu cannot
occupy adjacent sites at the same time, because of
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the restriction of distance between the two atoms.
Thus it was presumed that some kind of statistical
replacement occurs between the two atoms, as
observed in some other compounds in this system
(Ohmasa, 1973; Ozawa and Nowacki, 1975; To-
meoka et al., 1980). Further, we thought it might
also be possible that some kind of long range
periodic structure would occur, due to the substitu-
tion between Bi and Cu, as seen in Cu;BisSy (Oh-
masa et al., 1979).

We synthesized single crystals having composi-
tions close to CugBiS¢ by quenching from above
500°C. The quenched materials have been found to
reveal two different kinds of interesting higher order
structures. One of them has the substructure corre-
sponding to the cubic a-chalcocite, and the other
has the substructure corresponding to the hexago-
nal B-chalcocite. The structural problems of the
former® will be discussed in detail in the present
paper.

Experimental

Synthesis and identification

The cubic phase was obtained by quenching from
550°C, after being kept at that temperature for two
months. The mixing ratio of the starting elements
was Bi: Cu:S=1:9:6. The starting materials
were granular copper of 99.99% purity, bismuth
metal of 99.99% purity, and sulfur as guaranteed
reagent by Wako Pure Industries, Ltd.. These ele-
ments were sealed into an evacuated silica tube. A
closely fitting glass rod was inserted into the tube to
minimize the vapor volume.

The quenched specimens were studied with sin-
gle crystal X-ray techniques. The crystals reveal
fundamental reflections corresponding to a cell
edge with a = 5.54-5.56A and a face-centered cubic
lattice. Many non-integral type extra reflections
(satellite reflections) occur in clusters, around the
fundamental reflections. A single-crystal X-ray pre-
cession photograph of (110) is shown in Figure 1,
and the three-dimensional diffraction pattern is
drawn schematically in Figure 2. The precession
photograph (110) of the cubic phase (Fig. 1) is
reminiscent of that of digenite or bornite (Donnay et
al., 1958; Morimoto and Kullerud, 1966), but the
appearance of the extra reflections is quite differ-
ent. The extra peaks of digenite and bornite are

*This material will be noted as “‘cubic phase” after this. The
problem of the latter will be presented elsewhere.

located along the lines between the main reflec-
tions, whereas those of our material appear in
clusters near the main reflections only and do not
exist midway between them. As seen in Figure 1,
the X-ray diffraction pattern of the cubic phase has
several remarkable features. These are described as
follows:

(1) The satellite reflections are not located at
simple fractions of the reciprocal cells. Instead their
period corresponds to a non-integral multiple of the
subcell. This period varies in the range of 6.0-6.75.

(2) The satellites form a three-dimensional, body-
centered, cubic reciprocal lattice centered about the
main reflections (Fig. 2).

(3) Generally the intensities of the satellites are
strong, and some of them are stronger than those of
the main reflections.

(4) As compared with the main reflections, the
satellites are slightly diffuse; degree of diffuseness
differs from sample to sample.

(5) The asymmetry of intensities between pairs of
satellites centered about the main reflections is
remarkable. Generally, the intensities of lower an-
gle satellites are stronger than those of higher angle
ones, and this tendency is emphasized as the indi-
ces become higher.

While investigating the quenched specimens by
X-ray diffraction techniques, we found that differ-
ent crystals show slight differences in the X-ray
diffraction features described above. Three repre-
sentative samples 1, 2 and 3 are compared in Table
1. By comparing these features, it is clear that there
is a correlation among the distance between satellite
reflections, the sharpness of the satellite spots, and
the length of the fundamental cubic cell edge.

Substructure determination

Taking the view that the substructure would
provide useful information about the higher order
structure, we tried to determine the substructure,
using only the main reflections. The intensities of
the main reflections were collected for sample 2 on
an automatic 4-circle diffractometer (Syntex P2,),
by w-20 scan, using MoKa radiation monochromat-
ed by graphite. Reflections with intensities less than
20 were excluded as unobserved. A total of 34
reflections were finally obtained and were corrected
for Lorentz and polarization factors, and for ab-
sorption (u = 317.7 cm™!), using the program
ACACA (Wuensch and Prewitt, 1965).

If this substructure were basically similar to
a-Cu,S, as mentioned previously, copper atoms
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Fig. 1. A precession photograph of (110) of the cubic phase, with enlargement of the area about the 1, 1, 1 reflection. The satellite
reflections around 1, 1, lare:a: 1 — 26,1 —28,1;b:1-28,1 28,1 +28,c:1-8,1-8,1—-8d:1-8,1-8,1+8e:1,1,1-26;
£1,1,1+285¢g1+61+81—-8h1+381+8 1+ 88 1/6.5-1/6.75 of distances between the main reflections.

would be situated in the tetrahedral holes formed by
cubic close packing of sulfur atoms, and bismuth
atoms would prefer the larger octahedral holes. At
the initial stage, we assumed that sulfur atoms
occupy the nodes of a face-centered cubic lattice,
and bismuth and copper atoms occupy the centers
of the octahedra and the tetrahedra respectively.
Based on these atomic positions, the least squares
method was employed, varying the occupancies
and isotropic temperature factors, and the R factor
was reduced to 18%. The temperature factors of
bismuth and copper were unusually large. At this
stage, in difference Fourier maps, additional posi-
tive peaks were found near the centers of triangular
faces of the sulfur tetrahedra. This suggested two
possibilities. One is that a small amount of copper
should simply be introduced to the new sites, the
centers of triangular faces of the sulfur coordination
tetrahedra; the other possibility is that copper at-
oms in the centers of the tetrahedra should be
redistributed and shifted in four different directions,
perpendicular to each triangular face of the tetrahe-
dra, as observed in the high temperature form of
digenite (Morimoto & Kullerud, 1963). Both cases
were individually applied, but the R-factor was not

improved substantially. However, the combination
of both cases greatly improved the agreement of FO
and FC and reduced the R factor to 7.3%. After the
refinements, the anomaly in the difference Fourier
maps disappeared. The least squares calculations
were carried out with the full matrix least squares
program LINUS (Coppens and Hamilton, 1970).
Scattering factors for neutral atoms from the Inter-
national Tables for X-ray Crystallography (1968)
were used. Corrections for anomalous dispersion
were employed for all atoms using the values by
Cromer (1965). Chemical composition derived from
the results of the refinement is Cug sBig.g356. Lat-
tice parameters and atomic parameters of sample 2
are listed in Table 3 and Table 2 respectively, and
the atomic arrangement in the substructure is sche-
matically illustrated in Figure 3.

Discussion of the structure

Before beginning a discussion on the higher order
structure, we should consider the results obtained
in the foregoing experiments. The X-ray diffraction
patterns indicate that there exists some modulation
wave in the structure, the period of which corre-
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Fig. 2. Schematic diagram showing the three-dimensional distribution of the reflections in an octant of reciprocal space.

sponds to a non-integral multiple of the subcell
between 6.0 and 6.75. The higher order structure is
due to a three dimensional periodicity and consists
of a face-centered cubic lattice. The broad satellite
reflections in contrast to the sharp main reflections
may indicate that the periodicity of the long-range
ordering is not as exact as that of the fundamental
subcell.

Some characteristics found in the substructure
provide information on the higher order structure;

Table 1. Characteristics of diffraction patterns of the cubic
phase modifications

Cell Distance* Degree of
Sample dimension between sharpness
&) satellites of satellites
1 5.549(1) 1/6.0 low
2 5.563(1) 1/6.5 medium
3 5.564(1) 1/6.75 high

* expressed by fractions of distances between main
reflections.

one is an unusually large temperature factor for the
Bi atoms, and another is a complicated statistical
distribution of Cu atoms (Fig. 3). In view of the fact
that the substructure is a result of averaging over
the whole structure, these features suggest large
displacements of the atoms, as will be discussed
later.

It should be noted that even if Bi and Cu occupy
different sites in the sulfur arrangement, they can-
not occupy adjacent sites at the same time, because
the Cu-Bi distances are too short. Therefore, a
replacement between the two atoms should occur,
as observed in other compounds in the Cu,S-Bi,S;
system: cuprobismuthite (Ozawa & Nowacki,

Table 2. Atomic parameters of the substructure of sample 2

Atom  Occupancy x ¥ z Bi
Bi 0.138(4) 0.5 0.5 0.5 4.86(41)
Cul 0.109(2) 0.2787 0.2787 0.2787 1.59(21)
Cu2 0.059(4) 0.3333 0.3333 0.3333 2.47(40)
] 1.0 0.0 0.0 0.0 1.45(7)
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1975), CusBisSy (Ohmasa, 1973) and CuBi;S; (To-
meoka et al., 1980). If this is true, the higher order
structure found in this material might be attributed
to the periodic substitution between Bi and Cu, as
observed in Cu3BisSe (Ohmasa et al., 1979). The
strong intensities of the satellite reflections can
probably be explained as due to the periodic re-
placement between Bi and Cu, which have a large
difference in scattering factors.

Furthermore, as observed by Guinier (1963), the
asymmetry of intensities between pairs of satellites,
which is one of the remarkable characteristics of the
cubic phase, suggests that the modulation of the
replacement of atoms accompanies a modulation
having the same period of the positional parameters
of the atoms.

Superstructure investigation

If the higher order structure is due to some kind
of modulation, as mentioned above, we can recog-
nize the non-integral repeat distance as a period
corresponding to a modulation wave. If we consider
a superstructure with a proper integral multiple of
the substructure, the non-integral period in the
actual structure can be conveniently approximated
by this integral period. We adopted sample 2 (6.5a
type) to investigate the superstructure using X-ray
diffraction intensity data, because the period (6.5
multiple of subcell) can be made integral (13 multi-
ple of subcell) simply by doubling the 6.5.

For convenience of crystallographic calculations,
we initially assumed the superstructure to have the
space group, Fm3m, because the satellite reflec-
tions form a body-centered cubic lattice in recipro-
cal space and they satisfy m3m point symmetry. We
can now examine the actual structure as a super-
structure having a lattice constant a' = 13a =
72.32A and a cubic face-centered lattice. The crys-
tal data of sub- and superstructure are listed in
Table 3.

Table 3. Crystal data of the sub- and superstructure

Substructure Superstructure

a' = 5,563 + 0.001 & a = 13xa' = 72.32 + 0.01 &

Fm3m Fu3m

z=1 (Cu ) z = 2197

5.378%%0. 55254
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Fig. 3. Atomic arrangement of the substructure. A statistical
distribution of copper atoms in only one tetrahedron of sulfur
atoms (shown by broken lines) is illustrated.

Intensities of the satellite reflections were collect-
ed for sample 2 (6.5a type), on the 4-circle diffrac-
tometer by w-26 scan, up to 100° in 26, using CuKa
radiation monochromated by graphite. After cor-
rections of Lorentz and polarization factors and
absorption, a total of 97 satellite reflection data
were obtained.

Patterson function

If the modulation is based on the replacement
between Bi and Cu as mentioned previously, it was
presumed that the replacement should have a sub-
stantial effect on the partial Patterson function,
obtained only from the satellite reflections, because
there is a large difference in the scattering power
between the two atoms. In Figure 5a and 5b,
Patterson sections of Z = 0 and Z = 1/52 (1/4a’ of
the subcell), calculated using program GSFFR (Oh-
masa, 1973), are drawn. As seen from both figures,
it is remarkable that the sharp positive and negative
peaks appear in clusters. The positive peaks are
located near the positions that correspond to the
centers of octahedra of sulfur, and the negative
peaks occur near the centers of tetrahedra. Both
kinds of clusters of the peaks are periodically
distributed three-dimensionally around the points
that correspond to the equipoints 4a, 4b and 24d of
Fm3m (Wyckoff notation) in the supercell.

Several workers have so far succeeded in apply-
ing the partial Patterson function to solve super-
structures. Among them, Koch and Cohen (1969)
employed the function to analyze the non-integral
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Fig. 4. Electron density peaks. a: real peaks. b: peaks in the
average structure, p(average). c: peaks in the difference
structure, Ap = p(super)—p(average).

type superstructure of wiistite, Fe;.,O. The modula-
tion of wiistite is composed of repeated clusters of
Fe atoms and of Fe atom defects, which can be
regarded in another sense as the periodic substitu-
tion between Fe and vacancies (whose scattering
factor is considered to be zero). In our case, the
superstructure can actually be considered to have
four kinds of metal sites; i.e., occupied Bi, vacant
Bi, occupied Cu and vacant Cu sites. Therefore, the
mode of the substitution of the atoms is much more
complicated; in fact, the substitution does not occur
exactly on the same position for Bi and Cu, but at
the different positions between both the metal at-
oms and vacancies.

Provided that the electron density peak height is
simply proportional to the atomic number, the real
electron density peaks and the peaks in the average
structure, which are given by multiplying the atom-
ic numbers by their occupancies, can be illustrated
as vertical bars in Figure 4a and 4b. Electron
density peaks of each site in a hypothetical “‘differ-
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ence structure”’, which are obtained by subtracting
the peaks of the average structure from the real
peaks, i.e., Ap = p(superstructure)-p(average struc-
ture), are illustrated in Figure 4c, The peaks of the
positions occupied and unoccupied by metal atoms
correspond to the positive electron density bars and
the negative bars in Figure 4c, respectively. Conse-
quently, the Patterson function can be interpreted
as a set of interatomic vectors between these peaks
in the hypothetical ‘‘difference structure’’ (Frueh,
1953; Takeuchi, 1972). This function should have
positive peaks corresponding to positive electron
density pairs or negative pairs, and negative peaks
corresponding to positive and negative electron
density pairs. Several possible pairs of these hypo-
thetical peaks, being supposed to produce fairly
high peaks on the Patterson maps, are listed in
Table 4 in peak height order. As noted from the list,
we can see that Apg-Apg; would overwhelmingly
contribute to the positive peaks on the Patterson
maps, whereas Apgi-Apcy, and Apg-Apg; would con-
tribute to the negative peaks.

If the large positive peaks observed in Figure 5a
can mainly be attributed to the ends of Apgi-Aps;
interatomic vectors, then Bi atoms can be consid-
ered to form clusters distributed on the equipoints
of 4a, 4b and 24d of Fm3m in the superstructure unit
cell; specifically, the peaks are due to the products
of those vectors between the Bi atoms of each Bi
cluster which spans the distance between each
equipoint. Two of the vectors corresponding to a
positive peak A of the Z = 0 Patterson section (Fig.
5a) are denoted by solid arrows in the actual struc-
ture (Fig. 5c). Because Cu sites are vacant within
the Bi clusters, the Apg-Apcy, vectors are produced

Table 4. Interatomic vectors in the partial Patterson function

Positive peaks Negative peaks

Bogy = Bog, B0g, - Bog, Bog; = 804,
Aogy = BPgy Bogy - bog; Bogy = dogy
153, - %, 15, - 5%
Apgu 3 Apgu Apgu = Ap;i
a ¢ occupied

v vacant
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Fig. 5. Partial Patterson sections (a, b) and the finally derived structure (c). a: partial Patterson section of Z = 0.0. Contours of
peaks are drawn at arbitrary intervals. Solid contours indicate positive peaks and broken contours negative peaks. One square block
corresponds to one subcell. Equipoints a, b and d of Fm3m are indicated. b: partial Patterson section of Z = 1/52, corresponding to a
section of Z = 1/4a’ (a’: cell edge length of subcell). Negative peaks are clustered around equipoints a, b and d. c: two of Apg; — Apg}
and of Ap§; — Apc; interatomic vectors are indicated by solid arrows and broken arrows in the finally derived structure (refer to Fig.
7). The former vectors correspond to the positive peak A denoted in the Patterson section Z = 0.0 (a), and the latter vectors
correspond to the negative peak B in the section Z = 1/52 (b). Note that the displacement of Bi and Cu is demonstrated in this figure,

although displacement distances do not equal the real values.
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and also span the distance between each equipoint.
The negative peak clusters, as observed in the
Patterson section, Z = 1/52, can therefore be inter-
preted as corresponding to the products of these
interatomic vectors. Two of the vectors corre-
sponding to a negative peak B of the Patterson
section, Z = 1/52 (Fig. 5b), are denoted by broken
arrows in Figure 5c. Thus far, the interpretation of
the partial Patterson function suggests that the
superstructure is basically composed of metal atom
clusters that are arranged according to a face-
centered cubic lattice (Fig. 5¢).

Another remarkable feature of the Patterson map
is that the large positive peaks are without excep-
tion displaced from the ideal centers of the octahe-
dral sites in directions radially outward from the
central point of each cluster of peaks (Fig. 5a). In
addition, the distances of the displacements appear
to be proportional to the distances between the
peaks and the center of each cluster. If the large
positive peaks correspond to the interatomc vectors
of Bi atoms, as described above, this fact may
suggest that Bi atoms shift outward from the centers
of the clusters.

Construction of the model

At this stage, we have the general outline of the
superstructure and can now derive a detailed model
of the structure. An initial model was constructed
as follows: S atoms are considered to be arranged
according to face-centered cubic close packing. Bi
atoms are made to occupy the octahedral sites in
the sulfur packing and to group in clusters equally
around each equipoint of 4a, 4b and 24d of Fm3m.
On the other hand, Cu atoms are made to occupy
the tetrahedral sites and to occur in areas in which
the Bi atoms do not exist. Then those Cu atoms can
be regarded as forming Cu clusters being distributed
on the equipoints of 8c and 24e. As a result, each Bi
and Cu complex in the superstructure unit cell is
distributed alternately as if it were one of the atoms
in a NaCl type structure.

Because the periodicity of the superstructure is
incommensurate with that of the substructure, and
because the asymmetric unit of the superstructure
has far too many atoms (Table 3), it is very difficult
to construct a model satisfying exactly such high
symmetry conditions as those imposed by Fm3m,
especially if we consider the displacement of atoms.
Therefore, although the initial model satisfies exact-
ly such high symmetry, the model was modified to

Table 5. Number of atoms contained in the superstructure

Atom Occupancy Subcell Supercell 1/32 of
) supercell#*
Bi 13.8 0.55 1210 38
Cul 10.9 3.49 7660 239
Cu2 5.9 1.89 4150 130
8 100.0 4,0 8788 275

* which corresponds to an asymmetric unit of the
orthorhombic cell.

the lower symmetry orthorhombic space group
Fmmm to avoid such difficulties and complications
in constructing models. Reflections equivalent un-
der Fm3m were checked at each stage of calculating
the structure factors, but the discrepancies pro-
duced due to the difference of the space groups
were very small and can be neglected in the present
models.

From the knowledge of the chemical composition
derived from the substructure determination, total
numbers of atoms within an asymmetric unit of the
superstructure can be estimated as indicated in
Table 5. The Bi clusters are distributed on the
Fm3m equipoints 4a, 4b and 24d according to cubic
close packing. The relative position of each equi-
point with respect to the array of sulfur atoms is
different, which results in three different kinds of Bi
clusters. Initial arrangement of these possible Bi
clusters within 1/32 of the superstructure unit cell is
illustrated in Figure 6. Next, Cu atoms were distrib-
uted in the centers of sulfur tetrahedra around the
equipoints 8c and 24e of Fm3m. In the placement of
Cu, care was taken that the distances between Bi
and Cu were not shorter than 3.2A, which is consid-
ered to be the shortest limit of the distance between
the two atoms. If the space occupied by Bi atoms is
eliminated from the asymmetric unit, there remains
space to accommodate about 350-380 Cu atoms,
which agrees well with the number, 369 (Table 5),
determined from the chemical composition.

Structure factor calculation

Starting from this basic model, we refined the
structure to improve the agreement of FO and FC.
Unfortunately, the model has far too many atoms
(more than 20000 atoms) in a unit cell to use
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Fig. 6. Initial arrangement of Bi clusters within 1/32 of the superstructure unit cell. Three kinds of Bi clusters, being distributed in

equipoints a, b and d of Fm3m, are indicated.

ordinary least squares or Fourier methods in refin-
ing the structure with only at most 111 intensity
data, of which 14 are from the main reflections. As a
result, we had to adopt the trial and error method to
refine the structure. Fortunately, as mentioned in
earlier sections, we already have useful information
that suggests how the structure should be modified
from the starting model. Based on the initial ar-
rangement of the atoms described above, the struc-
ture factors were calculated. The temperature fac-
tors used in the calculation were the same as those
obtained in the subcell determination. The initial R
factor obtained by adjusting only the scale factor
was 56%.

First, the effect of the displacements of the atoms
was considered. The large temperature factor of Bi
in the substructure can be attributed to the large
displacements of the atoms. On the partial Patter-

son map the high positive peaks, which are consid-
ered to be products of interatomic vectors between
Bi atoms, are slightly displaced outward from the
centers of the positive peak clusters, strongly sug-
gesting that Bi atoms are displaced outward from
each center of the Bi complexes.

The complicated statistical distribution of Cu
atoms can also be understood as a result of this shift
modulation. The mode of their distributions indi-
cates that Cu atoms do not move at random, but
shift in four definite directions from the center of
the tetrahedron of sulfur atoms toward the centers
of the triangular faces (Fig. 3). Contrary to the case
of Bi, Cu atoms would shift from the central posi-
tions of the tetrahedra inward toward the centers of
the Cu clusters.

The positions of S atoms are also affected by the
movement of the metal atoms. The sulfur atoms in
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the regions of each metal cluster will move in
approximately the same direction as the metal at-
oms.

An increase in the sizes of the metal complexes
was suggested by Bragg-Lipson diagrams, based on
several reflections whose FO and FC showed con-
siderable disagreement in the initial structure factor
calculation. This modification greatly improved the
agreement of FO and FC. Increasing the number of
sites contained in each cluster requires the occu-
pancies of the metal sites to be reduced, because
the total number of metal atoms in one cluster is
constant. At the same time, this means that the
effect of statistical replacement between Bi and Cu
should be introduced into the superstructure model.
Thus, the Bi and Cu clusters do not always alternate
regularly through the entire crystal, but are disor-
dered to some extent. Although this disorder seems
to be unusual at first sight and to make the structure
more complicated, the broadening of the satellites
can be attributed to such a lack of periodicity in the
metal cluster distribution.

The structure factors for each structure model,
which we modified by the trial and error method,
were calculated. Thus, we finally reached a struc-
ture that gives substantial agreement between FO
and FC. The final unweighted reliability factor is
26.9%. Comparison between FO and FC is demon-
strated in Table 6.

The final structure

The arrangement of each atom in the finally
refined structure can be described as follows:

Bi atoms. The Bi atoms occupy octahedral inter-
stices in the sulfur packing and locally make a
rocksalt-like structure with S atoms. Three kinds of
Bi complexes, A, B and D, are distributed on the
equipoints a, b and d of Fm3m, as indicated in Fig.
7. Occupancies of Bi sites of each complex are
43.7%, 41.3% and 39.6% respectively. The isotropic
temperature factor is 3.5 for all atoms. The atoms
are displaced radially outward from the centers of
the complexes.® The displacement distances equal
the distances between the centers of the complexes
and the centers of the Bi octahedral sites, multiplied
by 0.035.

Cu atoms. The Cu atoms in the initial model are
tetrahedrally coordinated by four sulfur atoms and

3The displacement mode of Bi and Cu is demonstrated in Fig.
5c, although displacement distances are exaggerated.
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Table 6. Observed and calculated structure factors

h k 1 Fo Fe h k 1 Fo Fe
0 0 22 11.0 23.5 ¥ 13 13 13 10.3 8.0
* 0 0 26 19.4 20.3 13 13 17 5.4 3.3
0 0 30 8.0 4.3 33 13 35 14302 14.1
0 0 48 21.5 15.1 *33' 13 39 19.5 19.8
* 0 0 52 60.7 65.1 19 13 61 10.6 7.8
0 0 56 6.3 1.6 * 13 13 65 9.0 12.1
0 n 74 10.6 11.9 13 35 35 7.1 5.5
* 0 0O 78 18.3 18.1 13 35 39 8.6 7.8
o 0 82 4.9 ) 13 35 61 7.1 3.5
0 426 8.8 9.3 13 39 61 6.7 339
0 4 48 7.6 2.1 *#13 39 65 14.8 16.6
0 22 22 9.9 6.3 15 15 37 17.3 6.6
0 22 26 13.7 9.3 15 15 41 7.5 5.8
0 22 48 4.1 6.5 15 33 37 3.1 12
0 22 52 L2 6.6 i5 37 37 8.5 5.3
0 22 74 6.4 4.1 15 37 59 2.9 2.1
* 0 26 26 113.2 127.4 18 18 26 3.5 1.8
0 26 30 4.2 3.0 22 22 48 4.7 1.9
0 26 48 12.2 15.2 220 20 52 4.3 1.6
* 0 26 52 12.5! 8.1 22 26 26 10.4 12.2
0 26 74 1.7 8.0 22 26 48 8.4 5.0
* 0 26 78 23.0 22.9 22 26 52 6.0 2.4
0 48 48 10.3 7.4 22 48 48 4.6 1.8
0 48 52 9.0 5.0 24 24 24 43,5 30.8
* 0 52 52 41.3 41.8 24 24 28 17.6 13.8
2 2 24 28.7 25.7 24 24 46 5.3 2,2
2 2 28 9.1 8.1 24 24 50 8.7 16.4
2 2 76 11.8 8.1 24 24 72 4.2 2.1
2 20 50 2.5 2.5 24 24 76 13.2 11.0
2 24 50 26.0 18.5 24 28 28 6.5 37
2 24 72 4,1 2.4 24 50 50 9.1 15.6
2 24 76 6.0 7.5 24 50 54 4.2 2ot
2 28 50 13.8 7.9 26 26 30 37 2.4
2 50 50 8.8 10.7 26 26 48 14.6 8.5
& 4 22 2 35] 4.1 * 26 26 52 52.1 51.1
9 13 13 8.2 11.9 26 26 74 8.8 7.7
9 13 35 8.1 3.7 26 48 48 4.6 Sl
9 13 39 8.7 5.8 26 48 52 57 SL15
9.13 61 5.0 2.9 26 48 56 4.8 1.9
9 17 17 3.2 2.9 * 26 52 52 7.6 4.4
9 35 61 kIRl 1.1 28 28 76 5.9 2.3
9 39 61 4.8 1.4 28 50 50 10.1 737
11 11 11 15.6 18.4 33 37 37 2.9 2.9
i1 11 15 16.3 13.7 35 35 35 6.0 2.4
L. 11 33 5.1 2.5 35 35 39 8.0 2.9
i1 11 59 4.9 3.7 35 35 61 3.0 149
11 11 63 9.9 2.9 35 39 39 6.8 3.9
11 15 15 7.4 10.9 35 39 61 3.0 1.6
11 15 37 9.2 8.7 37 37 37 10.6 4.5
11 15 41 6.3 5.2 37 37 41 Sherdt 1.6
11 15 59 4.1 1.8 37 37 59 3.6 355
11 15 63 8.0 1.9 37 41 41 51.12 2.1
11 33 37 3.5 259 *39 39 39 30.9 30.6
1L 37 37 19.4 7.8 48 48 48 8.3 2.6
11 37 41 9.5 3.2 48 48 52 6.2 3.0
11 37 59 3.8 3.7

Indices marked by * indicate the main reflections.

locally form a structure similar to a-chalcocite (or
the high-temperature form of digenite). However,
on account of some kind of atomic interaction, they
are markedly displaced, and those situated on the
centers of tetrahedral faces can be considered as a
result of extreme displacement. We distinguished
between tetrahedrally coordinated Cu and triangu-
larly coordinated Cu in calculating structure fac-
tors. The former that occur in the regions of the Bi
complexes, within 9.8A of the center of a complex,
are given occupancies of 20.0%, and are displaced
in the same directions as the Bi atoms. The remain-
ing Cu atoms in tetrahedral sites are distributed
about the equipoints 8c and 24e of Fm3m. Their
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Fig. 7. The arrangement of the metal atoms in the finally derived superstructure. Displacement of the atoms is disregarded. This
corresponds to a projection of Bi and Cu, which are situated between z = —1/26 and z = 1/26 (corresponding to the levels z = +1/2a’
(a': cell edge length of subcell). Large thick circles and large thin circles indicate Bi atoms on the level z = 0.0 and those on the level z
= —1/26 or 1/26, respectively. Small circles indicate Cu atoms on the level z = —1/52 or 1/52 (corresponding to the level z = +1/4a’).

Cu atoms within the regions of Bi clusters are not drawn.

occupancies are 70.0%, and they are shifted from
the ideal centers of the sulfur tetrahedra toward the
centers of these equipoints along lines connecting
the atoms and cluster centers. The displacement
distances equal the distances between each center
of the Cu complexes and the centers of the ideal Cu
tetrahedral sites, multiplied by 0.028. Those Cu
atoms occupying the triangular sites are given occu-
pancies of 5.9% and are distributed randomly in the
structure. Isotropic temperature factors of Cu at-
oms in the tetrahedral and triangular sites are 1.2
and 2.5 respectively.

S atoms. The S atoms form a cubic close packed

framework. Those belonging to the regions of the Bi
complexes, namely those which are within 9.8A
from the equipoints 4a, 4b and 24d are shifted in the
same directions as the Bi atoms. On the other hand,
the remaining sulfur atoms are regarded as belong-
ing to the regions of the Cu complexes and are
displaced in the same directions as the tetrahedral-
ly-coordinated Cu atoms. The displacement dis-
tances are given by the values of the distances
between the center of each complex and the centers
of their ideal sites, multiplied by 0.02. Isotropic
temperature factors are 0.8. Sulfur atoms are as-
sumed to fully occupy their sites.
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Discussion

Through our synthesis work, it has been found
that one of the materials quenched from about
550°C in the compositional region of CugBiSg re-
veals a non-integral type higher order structure that
is based on the substructure corresponding to the
cubic a-chalcocite. The superstructure determina-
tion has shown that the structure consists of period-
ically spaced clusters of Bi and of Cu; in a cubic
close packed sulfur framework, one has a rocksalt-
like structure of Bi and S, and the other has a a-
chalcocite-like structure of Cu and S. These spheri-
cal clusters, each about 18A in diameter, are
alternately distributed according to a face-centered
cubic arrangement. The metal clustering arrange-
ment is schematically drawn in Figure 7.

The phenomenon of replacement between Bi and
Cu atoms is of special importance, since it is a
characteristic commonly observed in other materi-
als in the Cu,S-Bi,S; system and is closely related
to this modulated structure. In the refined substruc-
ture of the cubic phase (Fig. 3), Bi atoms occupy the
centers of octahedral holes in the sulfur packing,
and are partly replaced by Cu atoms. Cu atoms do
not occupy the centers of the octahedra but are
statistically distributed among four equivalent posi-
tions around centers of the tetrahedra and near the
centers of the trigonal faces of the octahedra.
Crystal-chemical characteristics of such an unusual
replacement in the materials of this system are
discussed in Tomeoka er al. (1980). According to
Sugaki and Shima (1972), most compounds that
reveal this replacement are stable only at high
temperature and metastable at room temperature.
The extra peaks observed in our study are not found
in powder patterns above 400°C, where the crystals
were synthesized, but they appear only when the
material is quenched. Cu;BisSy is another of these
materials, and when quenched from the stable high
temperature phase, it also reveals non-integral type
satellite reflections. These facts suggest that the
quenched materials do not retain the structure of
the high temperature stable phase. At high tempera-
ture, the crystal may exist with a disordered metal
atom distribution that can be approximated by the
substructure defined in this study, and may not
reveal such higher order structure as observed in
the quenched specimen.

Finally, the periodically spaced metal clusters
that define this higher order structure can be con-
sidered to be produced in the process of quenching.

In other words, when the crystal is quenched to
room temperature, Bi and Cu atoms, which were
mixed with each other in disorder, segregate into
the two kinds of metal clusters, which occur alter-
nately and periodically, and which produce this
modulated structure. The phenomena seem to be
very similar to those of ‘‘G-P zones’’ found in metal
alloys. In the case of Cu3BisSs, the atoms segregate
as two-dimensional sheets parallel to (010), and the
satellite reflections appear one-dimensionally in the
direction of b*. The long-range repeat distances of
both materials would be directly influenced by the
size of these metal clusters and seem to change
according to a change of composition.

Variation of the period and the periodicity of long-
range ordering

The effect of shift modulation is remarkable in
our material and can be understood as a result of
static interaction between the metal atoms, which is
caused by local clustering of Cu and Bi. On the one
hand, Bi atoms are displaced from the ideal centers
of the sulfur octahedra in the direction outward
from the central positions of the Bi complexes, and
on the other hand Cu atoms conversely move from
the centers of the tetrahedral sites in the directions
inward to the central positions of the Cu complexes.
Thus, the shift modulation occurs in accordance
with the substitutional modulation so that the local
expansion and shrinkage of the clusters alternate in
the arrangement of face centered cubic lattice
points. In this way, the crystal minimizes the mutu-
al interactions of the atoms and keeps the whole
structure in equilibrium.

As indicated in Table 1, the repeat distance of the
long-range ordering has a tendency to become long-
er, from 6.0 through 6.75, as the cell edge length of
the substructure becomes longer. The change of cell
edge length without changing basic substructure
would be related to the change of the ratio Bi:Cu
and suggests that the cubic phase has a solid
solution range of some extent in the high tempera-
ture stable phase. Because Bi is a much bigger atom
than Cu, an increase in the cell edge length would
be consistent with an increase in the Bi content and
a decrease in the Cu content. Since Bi and Cu atoms
exist in clusters, an increase in the content of Bi
implies expansion of the Bi clusters, and conversely
a decrease in the content of Cu implies shrinkage of
the Cu clusters. Considering that the repeat dis-
tance of long range ordering should be directly
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influenced by the size of these metal clusters, it is
reasonable that an increase in Bi content brings
about the extension of the repeat distance of the
superstructure.

The satellite spots are usually broad, compared
with the main spots, and there is a noticeable
difference in the broadness of the satellite spots
among the different crystals (Table 1). In the ex-
treme case, the reflections are too broad to be
called spots. The satellite peaks have a tendency to
become broader as the length of the cell edge
decreases. The broadening of the peaks may be
attributed to decreasing the regularity of long range
ordering, whereas sharp main peaks indicate a
regular arrangement of the substructure. In the
refinement, the introduction of statistical replace-
ment between Bi and Cu into the superstructure
model greatly improved the agreement between FO
and FC. This fact may be related to the broadening
of satellite peaks and indicates that disordering of
the metal complexes still occurs even in the low
temperature superstructure.
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