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Abstract

The contrast in the lattice image from very thin crystals of the 4C type pyrrhotite (Fe;Sy) is
interpreted to be directly related to its structure through the ordered distribution of metal
vacancies. Fine band structure parallel to (001) is characteristic, where the alternating bands
have a thickness changing from a half to five times of the ¢ length of the 4C type. Based on the
arrangement of the vacant sites, the bands can be described to be in twin relation of 60° or
120° rotation around the c* axis. Out-of-phase boundaries with a displacement vector of ¢/4
are also observed approximately parallel to (102) or its symmetrically related planes.

Introduction

Recent development in high resolution electron
microscopy permits the observation of two-dimen-
sional lattice images that are directly correlated
with the structure details (Iijima and Allpress, 1973,
1974; Allpress and Sanders, 1973). One of the impor-
tant advantages of this technique compared with
those of the X-ray diffraction is that the non-periodic
features in crystals are imaged by the contribution
from both Bragg and non-Bragg reflections.

In sulfide minerals, the ordering of metal vacancies
results in many superstructures. Nonintegral super-
structures in the nonstoichiometric pyrrhotites are
the examples of these structures (Nakazawa and
Morimoto, 1971; Morimoto, Gyobu, Tsukuma, and
Koto, 1975 b). The application of the lattice image
technique therefore provides information on the
structure details of the nonintegral superstructures of
pyrrhotites which can not be obtained by X-ray
diffraction.

The application is, however, not straightforward,
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Kristallographie, Petrologie, Philipps-Universitdt, 355 Mar-
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because the interpretation of the image contrast is
difficult unless the structure is well known. Thus the
lattice image technique has been applied to the
stoichiometric 4C type pyrrhotite (Fe,Ss) in this study
because that crystal structure is well known.

On purely geometrical grounds, van Landuyt and
Amelinckx (1972) predicted possible anti-phase
boundaries, stacking faults, and twin boundaries
associated with the ordering of vacancies in the 4C
type pyrrhotite. They observed various boundaries in
the 4C type by conventional electron microscopy and
confirmed some of the possible interfaces.

In this investigation, the ordered arrangements of
metal vacancies and the interfaces, such as twin
boundaries and out-of-step boundaries in the 4C type
pyrrhotite, have been successfully connected with the
lattice image contrast obtained by a high-resolution
electron microscope. A preliminary report on this
work has been given by Nakazawa, Morimoto, and
Watanabe (1974a) and Morimoto, Nakazawa, and
Watanabe (1974).

Materials

Crystals of the 4C type from the Chichibu mine,
Japan, were first studied by precession and powder
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methods and confirmed to be monoclinic. The cell
dimensions obtained from the powder patterns are: a
= 11.885(2) A, b = 6.870(1) A, ¢ = 5.6990(5)x4 A
and 8 = 90.47(1)° (Morimoto, Gyobu, Mukaiyama,
and Izawa, 1975 a).

The composition was determined to be ap-
proximately Fe,S; by electron microprobe analysis
using troilite (FeS) and pyrite (FeS,) as standards. Ni,
Co, and Cu were not detected (Banno and Itaya,
private communication). The d value of the hex-
agonal 102, determined after heating the crystals in
an evacuated silica tube at 345°C for 6 minutes, is
2.0591 A, indicating a composition of 46.80 atom
percent iron, or Fe;Ss, by Arnold’s (1962) curve
(Morimoto et al, 1975 a).

The crystals were always observed in twin relation
of 60° or 120° rotation around the c* axis no matter
how small the specimens used in the precession
method.

Experimental Procedure

Crystals of the 4C type were broken into fine
fragments and mounted on microgrids using the
usual procedures of sample preparation for high
resolution electron microscopy (Allpress and
Sanders, 1973). Lattice images were obtained at
several values of underfocusing and appropriate
orientations in a JEM 100B electron microscope, op-
erated at 100 kV, with a high resolution goniometer
stage. Optimum images for structural details were
obtained at the range of underfocusing of approxi-
mately 1100 4+ 100 A relative to the Gaussian image
plane.

Structural change and decomposition of the
pyrrhotite samples were generally not observed when
exposed to the electron beam. On rare occasions,
the superstructure reflections gradually decreased
and finally disappeared, while the main reflections
remained. This indicates occasional transformation
of the 4C type phase to the high-temperature form
with the disordered NiAs-type structure. The thermal
effect of the electron beam on the samples was,
therefore, considered to be different from grain to
grain, according to their size and thickness and their
orientation relative to the perforated support film of
the microgrid.

Structure of the 4C Type Pyrrhotite

The ordered arrangements of iron vacancies in the
superstructure of the 4C type, based on the funda-
mental NiAs-type structure (4 ~ 3.45 A, C ~ 5.75
A), was originally determined by Bertaut (1953). The

structure refinement of the 4C type was carried out by
Tokonami, Nishiguchi, and Morimoto (1971), who
confirmed the result by Bertaut. In structures of the
4C type (Fig. 1), S atoms approximately occupy the
nodes of the hexagonal closest-packing, and Fe
atoms are regularly arranged in the octahedral inter-
stices between the S atoms. The vacancies among the
Fe sites are ordered and are confined to aiternate
layers of Fe atoms normal to the ¢ axis. Although the
vacant sites are crystallographically equivalent, they
are named A, B, C, and D sites from the bottom
defective layer to the top in the cell (Fig. 1). Then
the structure is represented as a stacking of
AFBFCFDF. ..., where A, B, C, and D represent
the defective layers with vacant sites at A, B, C, and

FiG. 1. The metal vacancies in the 4C type pyrrhotite (Bertaut,
1953) based on space group F2/d. Only Fe layers are indicated for
simplicity. Squares representing vacant sites in different layers are
named as A, B, C, and D.
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FiG. 2. Two-dimensional structures of the 4C type pyrrhotite
projected along (1)[010], (2)[110], and (3)[001], of the 4C type cell.
Iron sites with and without vacancy are indicated by large black
circles and open squares respectively, and sulfur atom sites are in-
dicated by small open circles.

D. F represents completely filled layers. If the filled
layers are omitted for simplicity, the structure is
represented as ABCDABCD. . . .,

The structure projected along [010], [110], and
[001] is illustrated in Figure 2. Slight displacements of
atoms from their ideal positions are neglected. Direc-
tions [010] and [110] of the 4C type correspond to
[100] and [010] of the hexagonal NiAs cell. In the
projections of Figure 2, two different Fe sites are
shown: those entirely occupied by Fe atoms (large
black circles) and those which are only half occupied
by Fe atoms (open squares).

Results

A high magnification lattice image from the 4C
pyrrhotite is reproduced in Figure 3. The true
magnification 3 X 10° is calibrated using gold. The ¢
axis is vertical to the image. The electron diffraction
pattern included indicates the electron beam is
parallel to [110] because 111 and 113 superstructure
reflections are observed, with weak streaks connect-
ing the two reflections. The main reflections corre-
spond to the NiAs subcell. In this lattice image, the
intervals between the nearest two white spots normal
to the ¢ axis (horizontal) and parallel to the ¢ axis
(vertical) are 5.9 and 5.7 A, and correspond to 1/3 4
and C respectively, where A and C are the di-

mensions of the fundamental NiAs cell. The unit
cell of the 4C type is outlined in Figure 3. The dark
rows and columns in Figure 3 correspond to the high
atomic density regions representing S sites and non-
vacant Fe sites. The white spots correspond to the
low atomic density regions of vacant Fe sites.

Dark broad fringes occur parallel to the edge of the
specimen in Figure 3, where the contrast and the
details of the image are not clear. They are considered
to be the thickness fringe due to main reflections such
as 220 and 220. Though these reflections are ap-
parently eliminated by an objective aperture of 40 um
diameter in the diffraction pattern of Figure 3, their
effect is observed in the micrograph. In order to con-
firm the contribution of the main reflections to the
dark fringe, two different micrographs have been
obtained from the same portion of the specimen (Fig.
4 A and B). For one (Fig. 4A) the incident beam was
tilted so that the 220 reflection was completely
eliminated as observed in the diffraction pattern. No
thickness fringe is observed in the micrograph. For
the second image (Fig. 4B), however, a larger aper-
ture of 60 um diameter was used to include 220 and
220 reflections. Formation of the dark fringe is clear-
ly observed in the micrograph.

In Figure 3 two different kinds of bands are clearly
observed normal to the ¢ axis [or parallel to (001)];
they differ in the stacking sequence of the white spots,
as can be best described by letting X represent a
single layer of white spots in Figure 3 and by letting
Y represent a similar layer whose white spots are
displaced—Dby half the distance between the nearest
white spots in a layer—relative to those of X. The one
band, hereafter called XY, if projected along [010], is
represented by the layer sequence XYXYXY . . .
along the ¢ axis and corresponds to the structure
projected along [010] in Figure 2. The second kind of
band, hereafter called XX, is represented by
XXYYXXYY . ... Single bands may contain from
two up to ten stacked layers of white spots. The XY
and XX bands are in a twin relation by three- or six-
fold rotation about the c* axis with the composition
plane of (001). The twin boundaries are indicated on
the right side of Figure 3. The diffuse streaks between
111 and 113 reflections in the electron diffraction
pattern (Fig. 3) can be explained by the presence of
successive stacking of narrow bands in twin relation
and by the ratio of 1:2 for the area of XY bands and
that of XX bands.

In the central part of Figure 3, a number of white
streaks along the stacking layers are observed. The
positions of the white spots gradually change through
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F1G. 3. High-resolution lattice image from the 4C type pyrrhotite at magnification of 4 X 10°. The
diffraction spots used for image formation are also indicated. The unit cell is outlined. The boundaries
between XX and XY bands are indicated in the right side.

the streaks from X to Y, or vice versa, indicating ex-
istence of out-of-step boundaries across the streaks.

The band texture and the out-of-step boundaries
are more clearly observed in the lattice image from
the same portion of the specimen obtained at the
range of underfocusing of about 200 + 50 A (Fig.
5A). The image contrast of this micrograph is a rever-
sal of that obtained at 1100 + 100 A underfocusing
(Figs.-3 and 5B).

Many structure images, obtained for different
grains of the same specimen, have contrasts consis-
tent with those explained above.

Discussion

In Figure 6A, an enlarged micrograph of Figure 3,
the unit cells in the XY and XX bands are outlined.

Two kinds of domain boundaries are clearly
observed:

(a) twin boundaries parallel to (001),

(b) out-of-step boundaries approximately parallel
to (102) in the XY band and to its symmetrical-
ly related plane (114) in the XX band.

A part of Figure 6A is schematically illustrated in
Figure 6B where the twin and out-of-step boundaries
are indicated with the same magnification as in
Figure 6A. The details of these boundaries and their
genesis are discussed below.

(a) Twin Boundaries
According to the precession method, the crystals
used in this investigation are monoclinic and have a 8



METAL VACANCIES IN 4C PYRRHOTITE

angle of 90.47°. The XX bands and XY bands are
parallel and in contact along (001). The deviation of
the 8 angle from 90° takes place by a very slight dis-
placement from the ideal position of each stacking
layer along [100]. The displacement of the stacking
layers is greatest in the XY bands, because it is the
projection on (010). The effect of the displacement is,
however, observed neither in the XY bands nor in the
XX bands (Figs. 3, 6A), possibly because the
thickness of the bands is not enough to make the
small deviation of 8 angles from 90° appreciable.

Therefore, the S layers and the filled Fe layers
(dark region in Fig. 6A) are practically continuous
through the twin boundary, and the twin relation in
the 4C type takes place simply by the change of the
arrangements of iron vacancies.
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Because superstructure reflections indicating the
twin relation are observed in the X-ray patterns,
the fine twin texture is not considered to be a
characteristic feature of the thin fragments and thus
mechanically induced in preparation, but is con-
sidered to exist in the original specimen.

(b) Out-of-Step Boundaries

The streaks due to the out-of-step boundaries
appear in each layer in the XY bands, but only in
alternate layers in the XX bands (Fig. 6A).

As previously explained, the 4C structure type is
represented as stackings of ABCD - - -, if we omit
the filled Fe layers and S layers for simplicity. To pre-
sent vacancies at A sites occupying X positions in the
lattice image, a notation A(X) is used. Then the XY

F1G. 4. Two lattice images from the same position of the 4C type specimen at two different diffraction conditions: tilting incident beam
with a small aperture (A) and no tilting of the incident beam with a large aperture (B). The diffraction patterns are also reproduced.
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) FiG. 5. Lattice image from 4c¢ type pyrrhotite obtained at about 200 £ 50 A underfocus (A), compared with that taken at 1100 & 100
A underfocus (B). Narrow band textures due to successive twin boundaries normal to the ¢ direction and out-of-step boundaries are
clearly observed, but the image contrast of Figure 4A is the reverse of that of Figures 3 and 4B.

bands are represented as A(X)B(Y)C(X)D(Y) - - -
and the XX bands as A(X)B(Y)C(Y)D(X) - - -

If we consider an out-of-step displacement by a
vector of ¢/4, the following changes of the vacancy
sites in the XY and XX bands are given:

(a) XY band (b) XX band

D(Y) —— A(X) D(X) —— A(X)

C(X) —— D(Y) C(Y) — D(X)

B(Y) —— C(X) B(Y) —— C(Y)

A(X) —— B(Y) A(X) —— B(Y)

In each band, the original stacking of the defective
layers at the left side changes to a new stacking at the
right side through the out-of-step boundaries. The
streaks at the out-of-step boundaries in the lattice im-
age take place by the scattered distribution of the va-
cant sites to the consecutive X and Y sites, which is
caused by the superposition of the left and right
domains at the inclined boundaries. In Figure 6B, the
usual white spots are represented by large circles and
the streaks by a series of small circles occupying the
consecutive X and Y sites.

Because the length of the streaks is very short com-

pared with the thickness of the specimen along the
electron beam, the boundaries must be almost
perpendicular to the projection plane and parallel to
(102) in the XY bands and to its symmetrically
related plane (114) in the XX bands (Fig. 6B). These
planes are the densest ones next to (001) in structures
of the 4C type. It is reasonable to assume that the
twin and out-of-step boundaries take place along the
densest planes in the structure. Although the out-of-
step boundaries disappear at the twin boundaries, it
is not clear whether the apparent displacement of ¢/4
between domains has really taken place.

(c) Genesis of the Domain Textures in the 4C Type
The successive stacking of narrow bands in a twin
relation can be understood by assuming that the
specimen originally crystallized as the 1C or NiAs
type with disordered arrangement of vacancies above
300°C, and then rapidly transformed to the 4C type.
Because the 1C type is hexagonal, the twin bands
were introduced in the transition to the monoclinic
4C type to reduce the strain caused by the transition
minimum. The out-of-step boundaries are considered
to be introduced in transition or after transition.
Success in interpretation of the lattice image of the
4C type pyrrhotite based on its known structure has
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FiG. 6. A. High magnification lattice image from the 4C type pyrrhotite showing the twin and out-of-step boundaries. The unit
cells in the XY band (upper) and XX band (lower) are outlined. B. Schematic representation of the twin and out-of-step boundaries in
the structure of 4C type pyrrhotite corresponding to Figure 6A. The usual white spots are represented by large circles and the streaks
by a series of small circles occupying the consecutive X and Y sites.

established that the high-resolution electron micro-
scope is a powerful technique for studying the
superstructures of pyrrhotites. The study of non-
stoichiometric pyrrhotite has also been carried out
based on the results of the 4C type pyrrhotite
(Nakazawa, Morimoto, and Watanabe, 1974b).
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