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Ordering, Incommensuration, and Phase Transitions in Pyrrhotite

Part I: A TEM Study of Fe;Sg
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Vacancy ordering in synthetic Fe;S; at elevated temperature
was studied using transmission electron microscopy. Two
known idealized structures of Fe;S; are monoclinic and trigonal
based upon ABCD and ABC stacking of Kagome nets, respec-
tively. The TEM results indicate a tendency for Fe;S; to trans-
form from monoclinic to trigonal between 200 and 300°C. A
disordering of vacancies occurs above 300°C and yields a par-
tially filled CdI,-type structure. The Curie magnetic transition
is associated with this vacancy-ordering transition. On slow
cooling, it was found that the vacancies are ordered such as to
tend to restore the Kagome nets and lead to ABCD and ABC
layer lllg 0 1996 Academic Press, Inc.

1. INTRODUCTION

A primary feature of the vacancy ordering in defect
NiAs-type iron sulfides is the formation of Kagome nets,
partially vacant hexagonal planes of iron atoms within
which vacancies are ordered such that they occupy the
alternate sites in alternate rows (see Fig. 1a). Therefore,
an understanding of the structures of the nonstoichiometric
iron sulfides (Fe,_,S) can be based upon consideration of
the stacking sequences of Kagome nets along the ¢ axis of
NiAs-type substructure. Here the stacking sequence refers
to two variations: (i) permutation of filled Fe and Kagome
nets (at this point the origins of the Kagome net are consid-
ered as randomly located in the a—b plane); (ii) ordering
of Kagome nets in the [001] direction (at this point the
four possible origins in the Kagome nets are considered
to be ordered along [001] direction when layering, i.e., the
Kagome nets are labeled as A, B, C, and D).
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Among the defect iron sulfides that can be described as
ordered vacancies in the NiAs-type structure, Fe,Sg is an
extreme. This composition corresponds to Kagome nets
alternating with filled planes, with 1/8 of the iron positions
completely empty. As for the ordering of Kagome nets,
although a variety of possible stacking sequences can be
generated with little energy preference (1), only two se-
quences in Fe;Sg, DAFDgFDcFDpF ... and DAFDgFDcF
... (F:iron-filled layer, D5, Dy, D¢, and Dp stand for the
four Kagome nets unequivalent with respect to the origin),
have been identified by X-ray diffraction studies. The for-
mer yields an ideal monoclinic symmetry with ¢ = 4C (see
Fig. 1b), while the latter yields a trigonal structure with
¢ =3C (A and Cin this paper will refer to the a and c length
of NiAs-type structure, respectively). It is noteworthy that
the 4C monoclinic structure with ABCD stacking has been
found only in natural pyrrhotite minerals that have under-
gone processes over geological time (2), and the 3C trigonal
structures were only found in quenched samples (3, 4). The
relationship of these two structures has not been studied, so
it has remained unclear whether the 3C stacking is an
intermediate superstructure phase stable at certain temper-
atures or forms as a metastable phase. As for the labora-
tory-grown samples, mixed stacking of both ABC and
ABCD is most often encountered. Samples prepared in
our laboratory and elsewhere have been found to be badly
twinned to X rays. In order to refine the X-ray diffraction
of a single crystal of Fe,Sg, Keller-Besrest et al. (5) intro-
duced a fault rate for the 4C stacking sequence to rational-
ize the partial occupancy variable and in this way obtained
a very good solution. Furthermore, the mixing of stacking
sequences of Kagome nets can vary from random through
incommensurate to complete order in domains of the di-
mensions appropriate to X-ray or TEM investigation, and
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FIG. 1.
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(a) A schematic Kagome net in NiAs-type Fe,_,S. The open circles represent the vacancy sites and the solid circles represent the iron-

filled sites. Notice that for a subcell shown by the bold lines there are four unequivalent sites as labeled as A, B, C, and D for which the vacancies
could be placed. The superstructure derived from such a Kagome net will have the lattice parameters A = 2V2a and B = 2a (a and c refer to the
lattice parameters of a NiAs subcell) as illustrated by the lighter lines. (b) In Fe;Sg, the Kagome nets are stacked alternately with the iron filled
layers along the c axis and the A, B, C, and D nets are staggered such that a 4C monoclinic structure results. The dash lines show such a monoclinic

unit cell where the sulfur atoms are omitted for simplicity.

this disorder can be of thermodynamic or kinetic origin.
These complications have hindered the understanding of
phase relations in this system.

In the study of structural imperfection, electron diffrac-
tion is of special interest due to its high sensitivity in com-
parison with X rays, allowing the examination of a thin
section of specimen and providing evidence of ordering
on a smaller scale (by a factor of 10° or more). In the past
decades, several attempts have been made to shed further
light on the pyrrhotite structures using TEM (6-8), but
almost all the crystals studied were naturally occurring
Fe,_,S. The samples invariably gave evidence for twinning,
heterogeneity, or composition gradients. It is known that
Fe,S; is ferrimagnetic because of vacancy ordering within
the alternate layers along the c axis and an antiferromag-
netic coupling between the adjacent planes at room tem-
perature, and it is further known that this material trans-
forms to paramagnetic at about 315°C. It has, however,
not been demonstrated whether this transformation results
from disordering of vacancies or from a magnetic moment
disordering process.

The present paper reports the results of a TEM study
that was carried out on a synthetic Fe;Sg sample in order
to improve our understanding of the relationship between
the monoclinic and trigonal forms of pyrrhotite, and of
the relationship between the magnetic transition and the

ordered structure. In this work we have attempted to attach
significance only to what can be readily distinguished.
Among the stacking sequences described above, only the
trigonal (ABCABC ...) doubles the basal plane periods in
the projection down the c axis. A crystal that was generally
expected, and on the basis of diffraction patterns and lattice
images confirmed, to be the monoclinic structure was ob-
served via diffraction patterns to transform at 205°C to
yield diffraction maxima that double a and b in projection
down the c axis. At this temperature an endothermic effect
was observed (by DTA) upon heating a bulk sample and
the sample is known to be ferrimagnetic. Taken together
these diffraction, thermal, and magnetic effects point to,
at least partial, ABCABC ... ordering with increasing tem-
perature, and thus to reversible development of this order-
ing in pyrrhotite.

2. EXPERIMENTAL

Fe,Sg was synthesized from high purity iron (Johnson—
Matthey, SN, —20 mesh) and sulfur (Aldrich, sublimed,
—100 mesh) powders; the latter was pressed into pellets
before mixing with iron powder. Carefully weighed quanti-
ties of iron and sulfur were sealed in evacuated silica-glass
tubes and were then placed into a tube furnace. The heating
and annealing procedure was as follows: The samples were
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at first heated to 410°C and then gradually to 500°C. As
sulfur vaporized over this temperature range, it diffused
to the cooler end of the silica tube where the iron powder
was placed so that the reaction between these two elements
could take place. The temperature was controlled below
500°C until no yellow sulfur vapor was visible (approxi-
mately 1 week), and then annealed at 700-800°C for 20
days. Finally, the samples were cooled at a rate of 5°C/h
to room temperature with pauses for 2 days at 310°C and
at 130°C.

The compositions of the final products were verified
using the electron microprobe (ARL, SEMQ). The op-
erating conditions were 20 kV accelerating voltage and 25
nA beam current. Under these conditions both Fe and S
were determined on WDS spectrometers (LiF crystal for
Fe, PET crystal for S), and count rates were about 10,000
s~1. Three samples, Fe( 35S, Fego67S, and Feg o50S, prepared
by Dr. Paul G. Spry (9) were used for standards. The
theoretical error from counting statistics for a counting
time of 10 s was about 0.3%; the actual reproducibility as
determined by a series of counts on the standards usually
gave standard deviations of 0.6 to 0.8%. The compositional
variations in different areas of the sample were found to
be within these limits. Thus the standard deviation of the
measured stoichiometry was lower than 1%, and the good
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sample homogeneity was further indicated by the absence
of any significant anticorrelation between measured con-
centrations of Fe and S. Finally, only samples with the Fe/
S ratio = 7/8 and satisfactory homogeneity were used for
this study.

For the TEM observations the sample was crushed in a
mortar and pestle into <400 mesh and mixed with ethanol.
A single drop of the suspension was placed onto a holey
carbon grid and allowed to air dry. Once dried, the sample
was examined using a Philips CM30 TEM with a heating
stage. All the selected area diffraction patterns in Fig. 3
were obtained from the same region of the crystal using
a 50 wm aperture (i.e., the region near the tip of the crystal
indicated by an arrow in Fig. 7a). In situ heating was per-
formed using a double tilt hot stage (Gatan, Model 628-
0500) with a temperature monitor and a Pt/Rh thermocou-
ple mounted at the edge of the sample. The heating current
was manually adjusted, and the measured temperature,
according to prior calibration, is within *=10°C of the sam-
ple temperature. Since the sample had been confirmed
to have a Curie transition at 315°C, the highest heating
temperature was 340°C.

A differential thermal analysis (DTA) was carried out
using a Perkin—Elmer DTA 1700 with a System 7/4 thermal
controller. The sample powder was loaded into an alumina

FIG. 2. A HRTEM image for the Fe;Sg sample at room temperature with the electron beam perpendicular to the c axis.
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FIG. 3.
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SAD patterns for the [001]n;as zone. Notice that all the patterns were obtained from the same region of the crystal (i.e., the region

near the tip of the crystal as shown by an arrow in Fig. 8A). (a) at room temperature; (b) at 210°C; (c) at 340°C; (d) when cooled to room temperature.

crucible. The heating and cooling rates were 5 K/min under
the Ar-gas flow with O, impurity <40 ppm.

3. RESULTS AND DISCUSSIONS

3.1. The Structure at Room Temperature

The alternation of partially filled Kagome net layers with
the fully filled iron layers can be clearly seen in the high
resolution transmission electron micrography (HRTEM).
Figure 2 depicts a layer image from the Fe,;Sg sample at
room temperature with the electron beam perpendicular
to the ¢ axis. The fringes show a contrasting alternation
of a dark strip with a light strip, indicating a two-layer
periodicity. The distance between two dark strips was esti-
mated to be d = 5.6-5.7 A which corresponds to one
c length of the NiAs-type substructure. From this view,
however, the monoclinic and trigonal orderings are indis-
tinguishable, as, in fact, are the projected Kagome nets.
Figure 3 displays a series of the [001]n;as Selected area

diffraction patterns (SAD) at various temperatures. The
pattern, when the sample was at room temperature,
showed no weak superstructure reflections (Fig. 3a), and
all the diffraction maxima in this projection corresponded
to the NiAs substructure, suggesting that a and b axes are
not doubled as they would be in the projected 2A X 2A
X 3C trigonal structure. On the other hand, the convergent
beam electron diffraction (CBED), as shown in Fig. 4,
reveals a deviation from the hexagonal and trigonal sym-
metries in this direction. The observation that both the
zero order Laue zone (ZOLZ) (central bright area) and
the first order Laue zone (FOLZ) (outer thin ring) are
coaxial indicates that the beam direction lies along the
(001)nias axis. By looking at the changes in the intensity
of ZOLZ and FOLZ, it can be found that the brightness
of FOLZ is not uniform and the (0440)y;, reflection in
ZOLZ is very weak in comparison with (4040)xias and
(4400)ias reflections. This distribution in the reflection
intensity implies the absence of hexagonal/trigonal symme-
try, but the occurrence of a twofold axis whose direction
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FIG. 4. CBED pattern of Fe;Sg from the [001]n;as zone direction.

is arrowed in Fig. 4. We were unable to orient the sample
for a good quality SAD in any [hkO]nias zone direction
due to the restrictions on the degree of tilting the crystal,
but the SAD for the [012]nias zone axis clearly exhibited
a 4C superstructure (notice that 3 weak reflection spots
lie between NiAs-type sublattice maxima (0000)x;as and
(2021)nias) and all the reflections could be indexed ac-
cording to the monoclinic structure (Fig. 5). The sublattice
parameters measured from these SAD patterns are a =
3.44 A and ¢ = 5.68 A which are in very good agreement
not only with the spacing between the dark strips in Fig.
2, but also with what has been observed using XRD tech-
niques.

A basic distinction between the monoclinic and trigonal
structures of Fe,Sg is the difference in the vacancy density
projected down the NiAs-type ¢ axis. In the case of the
ideal ABCD monoclinic structure the doubling of a and
b inherent in the Kagome net is lost in the projection.
Therefore, the projections of ideal monoclinic pyrrhotite
in this zone show no superstructure, whereas in the ideal
ABC trigonal case a doubling of the cell edges would be
observed. This feature of the distinct SAD patterns was
simulated very well by the computer program (Microsco-
pist). Figure 6 displays the computer-generated SAD pat-
terns for both the ideal ABCD and ABC stacking cases
on the basis of the structural information provided in litera-
ture (2, 4).

Thus the above observations, i.e., (i) alternating density
along the ¢ axis, (ii) no superstructure in projection down
c axis, and (iii) 4 C superstructure reflections in the [012]x;as
zone direction, are all consistent with the interpretation
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that the known monoclinic structure of Fe,Sg is the stable
modification at room temperature. It can, however, be
concluded that the extent of monoclinic distortion in the
synthetic sample is significantly lower than that found in
natural samples, i.e., the lattice distortion is minimal and
the observed monoclinic structure is present on a nearly
undistorted hexagonal lattice.

3.2. Order—Disorder Transition at Elevated Temperature

When the sample temperature was raised to 210°C, and
the [001]nias SAD pattern observed, in spite of presence

a

FIG.5. (a)SAD pattern for the [012]x;as zone and (b) the computer-
generated pattern (X 1.5) for same zone axis based on the monoclinic
structure where the indices refer to the monoclinic structure.
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FIG. 6. (a). A SAD pattern from the [001]y;as direction simulated
for the monoclinic structure with the ABCD stacking. The space group
is C2/c, and the structural information reported in Ref. (2) is used. Notice
that this pattern shows no superlattice reflection. (b) A SAD pattern
from the [001]n;as direction simulated for the trigonal structure with the
ABC stacking. The space group is P3,21, and the structural information
reported in (3) is used. Notice that this pattern shows superlattice spots
resulting in a doubling of a and b axis length.

of some randomly distributed reflection spots, a set of very
weak spots was found to appear systematically between
pairs of reflection maxima of the NiAs-type substructure.
This observation can be interpreted as the formation of
superstructure with doubled a and b length over a depth
suitable for diffraction. However these weak superlattice
spots were no longer observed when the temperature
reached 340°C (Fig. 3b and 3c). These changes show that
some superlattice with doubled a and b axes was developed
and subsequently destroyed in the course of heating the
sample. This development and destruction of 2A X 2A
superlattice in projection upon heating indicates that some
trigonal ABC ordering in Fe;Sg occurs between room tem-
perature, where the monoclinic is stable, and 340°C, where
the vacancies disorder. These observations also show that
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at these relatively low temperatures a two-phase equilib-
rium mixture is not achieved, but rather a mixing of stack-
ing sequences occurs. Because the XRD patterns at 350°C
showed superstructure diffraction peaks at low angle of
20, and because a rapid increase of magnetization was
found upon cooling samples heated to 340°C (10), it is
concluded that the vacancies do not disorder to yield a
NiAs-type structure at this temperature but rather remain
in a --- DFDFDFDF --- stacking sequence (D: iron defi-
cient plane with randomly distributed vacancies; F: iron
filled plane) along the ¢ axis that results in a partially filled
Cdl,-type symmetry. Therefore, the proposed transition
sequence along the temperature scale is: monoclinic
(ABCD) — trigonal (ABC) — defect Cdl,-type with a
DFDF stacking.

The heat effects accompanying these transitions were
observed during a DTA experiment on this synthetic Fe,;Sg
sample. Figure 7 shows the DTA curves corresponding to
heating from 50 to 400°C and subsequent cooling from 400
to 50°C. A small peak can be found at about 240°C, and
a large peak follows at about 310°C. These results indicate
that at the DTA heating and cooling rates the sample
undergoes two changes in structural modification, one cor-
responding to, as proposed, the monoclinic — trigonal
transition (or better disordered monoclinic — disordered
trigonal) probably in a wide temperature range between
200 and 250°C, and the other corresponding to the vacancy-

AT
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300 400
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FIG.7. DTA curves of the synthetic Fe;Sg sample. Curve 1: heating
from 50 to 400°C at + 5 K/min. Curve 2: cooling from 400 to 50°C at
—5 K/min. The small anomalies are indicated by arrows.
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FIG. 8. TEM images (A) at room temperature; (B) at 210°C; (C) at 340°C; (D) when the sample was cooled to room temperature.

disordering transition in a narrow temperature range from
305 to 320°C. Also, the transitions in these two temperature
ranges were observed from the thermal-magnetization and
high-temperature X-ray diffraction investigations as will
be reported in a separate paper.

3.3. SAD Pattern after Quenching Samples

When the sample was quenched from 340°C to room
temperature in a few minutes, the SAD in the projection
down the [001]nijas direction demonstrated a relatively
complicated Kagome pattern (Fig. 3d). A set of split spot
pairs is displayed symmetrically at 1/2 (a* + b*) = §rela-
tive to n/2 a* and n/2 b* (n = odd). These split diffraction
spots indicate that a discommensuration occurs in the [001]
plane when the sample is quenched on this time scale.
The absence of this discommensuration in the as prepared
samples shows that the annealing procedures used in the
initial preparation yields predominantly the monoclinic or-
dered structure (although not ordered to the extent of
natural samples). The doubling of the a and b axes in the
[001]nias projection in the quenched sample indicates the
formation of Kagome nets within the vacancy containing
layers without the formation of the monoclinic ordering
along the [001]n;as direction, while the discommensuration

suggests the existence of domains at relative long intervals
along the [110]nias and [120]xias directions. Such domains
would result from periodic mixing of ABC trigonal stacking
adjacent to ABCD monoclinic stacking with boundaries
perpendicular to the [110]x;as and [120]x;s directions and
period appropriate to the length of 1/2 (a* + b*) £ § (6
was measured to be 5.91 X 10~* A~!, which corresponds
to a length of 169 A (~50a)).

Quenching the disordered structure from high tempera-
tures shows the strong tendency toward the formation of
Kagome nets. The subsequent stacking of the Kagome nets
depends on the temperature and cooling rate. However,
it seems that the ABC sequence is more favored by rapid
cooling. By using X-ray diffraction Fleet (3) investigated
the structure of Fe;Sg samples prepared by quenching from
500°C, and found that crystals were twinned in such a way
that domains were rotated by multiples of 60° about the ¢
axis, as is the case with mixing of ABC and ABCD stacking.
Thus, the results from both the X-ray and electron diffrac-
tion support the transition sequence proposed above, and
are consistent with a kinetic barrier in the course of the
transition from ABC stacking to ABCD stacking that was
partially overcome in the samples annealed in the prepara-
tion of materials for this study, and such as are frequently
found in natural occurring samples.
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FIG. 8—Continued

3.4. Transmission Electron Micrographs

On the other hand, TEM images revealed a change of
microstructure with temperature. At room temperature
the grains in the sample are highly faulted, most likely due
to annealing and cooling during sample preparation (Fig.
8A). As discussed above, the stacking sequence probably
varies from one domain to another. As the temperature
was raised, the observed strain contrasts became diffuse
and vanished with the disappearance of the defects (Figs.
8B and 8C), implying that the disordering of vacancies has
developed, so that the microstructure tends to reach a
unified stacking sequence. After the sample is quenched,
large size domains with the uniform microstructure are
maintained, but some dislocations were observed (Fig.
8D).

4. CONCLUSION

The structures in Fe;Sg result from closely related stack-
ing sequences of Kagome nets in alternate metal-con-
taining layers along the c axis. Monoclinic ABCD layering
is found at room temperature in well-annealed samples.
Trigonal ABC layering tends to form at about 210°C, and
remains up to about 300°C, above which the sample has a
partially filled Cdl,-type structure, i.e., Fe-site vacancies
distributed randomly within alternate layers of the NiAs-

type. The Curie transition at 315°C is apparently associated
with disordering of the vacancies.
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