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ABSTRACT

The crystal structure of the monoclinic 4C-type pyrrhotite (Fe:Ss) has been
refined using the three-dimensional intensity data collected with Zr filtered MoK
radiation from an untwinned crystal from Kisbanya, Rumania. This crystal has
the cell dimensions of @ = 11.902 + 0.008, b = 6.859 = 0.005, ¢ = 22.787 =+ 0.010
A, and g = 90°26’ == 3. It was refined in space group F2/d and the final weighted
R factor is 0.045 for 487 crystallographically independent reflections.

The structure obtained confirms the ordered arrangement of vacant positions
for iron atoms proposed by Bertaut (1953), and gives shifts of iron and sulfur
atoms from the atomic positions in the ideal NiAs-type structure. All iron atoms
lie between six sulfur atoms with octahedral arrangements and also between a few
iron atoms which must be considered to be the nearest neighbors because of
short Fe—Fe distances. The mean Fe—S bond lengths in the four FeS octahedra
are 2446, 2456, 2449, and 2444 A, and the Fe—Fe distances are 2.868, 2911, and
2956 A along the c axis. In the iron layer normal to the ¢ axis, one of the Fe—Fe
distance is 2944 A, though the others are more than 3.1 A. The group of seven
iron atoms along the ¢ axis can be considered as a collective unit in the 4C-type
pyrrhotite as the triangular group in the troilite structure. Each iron group is
connected with two others through the short Fe—Fe bonds in the basal iron
layers.

The atomie arrangements around the vacant positions for iron atoms show
slight contraction of the vacant space in comparison with the space around iron
atoms.

INTRODUCTION

Pyrrhotite (Fe;_xS) has been extensively studied, because of the
importance and complexity of its phase relations, structures, and
magnetic properties. A detailed review on the studies of the properties
and structures of pyrrhotite has been given by Ward (1970). Five
different types of pyrrhotite have been confirmed to be stable at room
temperature by studying single crystals of natural pyrrhotite (Mori-
moto, Nakazawa, Nishiguchi, and Tokonami, 1970; Morimoto, Naka-
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zawa, Tokonami, and Nishiguchi, 1971). The five types are super-
structures of the NiAs-type structure, with cell dimensions A4, about
345 A; C about 5.8 A; and have essentially stoichiometric composi-
tions, Fe,;S, (n > 8), with the structures of (n/2)C type for n even
and of nC type for n odd (Morimoto, Nakazawa, Nishiguchi, and
Tokonami, 1970). Three new types of pyrrhotite stable at high tem-
peratures were also described by Nakazawa and Morimoto (1971).

Monoclinic pyrrhotite of the 4C-type superstructure occurs in
nature at and near the composition Fe,S,, with a = 2V3A, b = 24,
and ¢ = 4C, and 8 = 90.4°. On the basis of geometry of the diffraction
patterns of twinned crystals of this pyrrhotite, Bertaut (1953) proposed
that the superstructure contained ordered vacancies in alternate iron
layers normal to the ¢ axis. The space group and cell dimensions deter-
mined by him, were recently confirmed by Corlett (1968) and Wuensch
(Ward, 1970) using untwinned crystals. However, there was no report on
the crystal structure of the monoclinic 4C-type pyrrhotite based on the
comparison of the observed and caleulated structure factors, though
the structure of troilite (FeS) was determined by Bertaut (1956) and
refined by Evans (1970) and that of the hexagonal 3C—type was deter-
mined by Fleet (1971).

The present investigation has been initiated to describe the crystal
structure of the monoclinie 4C—type pyrrhotite using the three-dimen-
sional counter—measured intensities and to elucidate the arrangement
of vacant positions for iron atoms and the effects of the vacancies on
the shifts of iron and sulfur atoms from the ideal NiAs structure. The
characteristics of complex magnetic and electric properties of the
pyrrhotite can be explained based only on the precise erystal structure.

EXPERIMENTAL

Many crystals of monoclinic pyrrhotite from various localities were examined
by the X-ray single crystal method to find single crystals for structure determi-
nation. The crystals examined were in twin relations by 60° or 120° rotation
about the pseudo-hexagonal c* axis. Crystals from Kisbanya, Rumania were also
examined, which had been described by Corlett (1968) and given to us by her.
Though the crystals also showed the twin relations, a small platy fragment with
0.03 X 003 X 0.01 mm was found to be untwinned, and used for intensity collec-
tion throughout in this study. Al attempts to obtain larger single crystals than
this specimen were not successful.

If we assume symmetry centers in the structure of the pyrrhotite, the possible
space group is C2/¢, which was conveniently expressed as F2/d by Bertaut (1953)
to keep an approximate orthogonal relation between the axes. This centrosymmetric
space group was adopted during the structure determination and successful refine-
ment of the structure confirmed this choice. The cell dimensions were determined
from the goniometry of the reciprocal lattice points 12.4.0, 6.6.0, and 0.0.32 using
the Rigaku four—circle automatic diffractometer with Mo—Ka; radiation (A = 0.70929



1068 TOKONAMI, NISHIGUCHI, AND MORIMOTO

A). Based on space group F2/d, they are a = 11.902 & 0.008, b = 6.859 =+ 0.005,
¢ = 22787 £ 0.010 &, and § = 90°26’ + 3’ in good agreement with the values
obtained previously (Corlett, 1968; Wuensch, 1969). The estimated standard devia-
tions of the cell dimensions were obtained by the relative errors derived from the
equation, 2d sin 8 = n\, considering possible errors in reading of angles. The calcu-
lated density of this specimen is 4.62 g-cm™? for eight Fe;Ss units in the unit cell,
which is in good agreement with the observed value of 4.56 g-cm~3 (Palache,
Berman, and Frondel, 1955).

The integrated intensities were measured using the automatic diffractometer
with Zrfiltered MoK« radiation (0.7107 A). The intensities of 487 crystallographi-
cally independent reflections were measured within the range of sin /A < 0.5 by
the w26 scan technique. The specimen was so small that 75 reflections had the
intensities equal to or less than the background values, and were regarded to be
zero in intensity. Reflections with sin /X > 0.5 were not measured. The intensity
data were converted into observed structure factors by applying the standard
Lorentz and polarization corrections. The absorption correction was not made,
because the linear absorption coefficient was 125 cm™ and the maximum length of
the specimen was 0.003 cm.

STRUCTURE DETERMINATION AND REFINEMENT

Bertaut (1953) proposed a crystal structure for the 4C—type monoclinic pyr-
rhotite based on the space group F2/d (Fig. 1), but he did not give explicitly any
atomic coordinates of the structure. In order to describe the atomic coordinates,
the space group F2/d is maintained and expressed by the following coordinate
system (Fig. 2) throughout in this investigation:

origin at T on a ‘diamond’ glide plane d with a translation of (a + ¢)/4;
unique axis b;
coordinates of equivalent positions:

<1 1 P ! L. 1 1
(0: 0: 0’ 2y 2 Oz 7:01 7;0: 2 +

-1 1 A3 47 B 1 s 1
z:yyzxx_xyyyl'—eryyyzyi-i_:v:yri-l_z-

The geometrical structure factors for this system are as follows:

{h +1 =4n A = 16 cos 2x(hx + I2) cos 2xky, B = 0;
h+k=2n
h+1 =4n 4+ 2 A = —16sin 2n(hz + I2) sin 27ky, B = 0; and
h+k=2n
h+1=2n+1

or A=B=0

h+k=2n4+1

According to this system, the atomic coordinates of iron atoms determined by
Bertaut are described as in Table 1 by fixing one of the vacant positions at 1/8,
1/8, 1/8 (Fig. 1). The iron atoms in the filled layers are represented in this inves-
tigation by odd numbers [Fe(1) and Fe(3)] and those in the vacancy—containing
layers are by even numbers [Fe(2) and Fe(4)]. For this arrangement of iron
atoms, two alternative arrangements of sulfur atoms are possible, because there
are two possible positions for sulfur layers in the closest packing relation with the
iron layers. The atomic coordinates of sulfur atoms in one of the arrangements
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Fig. 1. The ideal structure of the 4C-type pyrrhotite proposed by Bertaut
(1953) based on space group F2/d. Only iron layers are indicated and sulfur layers
are omitted for simplicity. Squares represent vacant sites.
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are listed in Table 1, while those in the other can be obtained by replacing (z,
y, 2) for sulfur atoms by (1/4 — z, y, 2) in Table 1. The choice between these
two arrangements was carried out by comparison of ¥, and F. for hkl with
h = #+2 (mod 6) and I = *+4 (mod 16), because the contributions of sulfur
atoms to F. of these reflections are same in absolute value but opposite in sign
for these two alternatives. Because the atomic coordinates of sulfur atoms listed
in Table 1 gave better agreement between F, and F, for the reflections men-
tioned above, they were determined to be correct ones for this structure.

Full matrix least-squares refinements of the structure were carried out on the
FACOM 230-60 of Kyoto University with the use of RSFLS-4 of the UNICS
system (Universal Crystallographic Computation System, Crystallographic Society
of Japan, 1967) modified by Sakurai from ORFLS written by Busing, Martin, and

Table 1. Atomic coordinates of the 4C-type pyrrhotite (Fe758)

based on the ideal structure proposed by Bertaut (1953).

[ Number of | Site coordinate
equivalent points Isy'mmetry x Yy z
Fel 16 b 3/8 3/8 1]
Fe2 16 1 3/8 3/8 1/8
Fe3 16 By 3/8 3/8 2/8
Fed 8 2 3/8 3/8 3/8
51 16 1 5/24 3/8 -1/16
52 16 3L 13/24 3/8 1/16
s3 16 1 5/24 3/8 3/16
sS4 16 Pl 13/24 3/8 5/16
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2

Levy (1962). The function minimized is 1/(e)?||F.] — |F.||°, where ¢ represents
the estimated standard deviation computed from counting statistics. The esti-
mated standard deviations of the weakest non-zero reflections were used for the
reflections which were regarded as zero intensity. Scattering factors were taken
from MacGillavry and Rieck (1962), assuming that sulfur atoms are doubly
ionized and iron atoms are the mixture of 5/7 Fe* and 2/7 Fe*. Isotropic tem-
perature factors were assumed as 1.0 for all atoms. Refinement was initiated using
the atomic coordinates of the ideal structure (Table 1), with the arrangement of
sulfur atoms described above, which gave B = 0.395.

The full matrix least—squares failed by divergence of the y coordinates when the
z, ¥, and z coordinates were allowed to vary together. The first two cycles were,
therefore, carried out with the fixed y coordinates varying only the z and z co-
ordinates. In the next two cycles, all the x, ¥, z coordinates were allowed to vary.
The final four cycles were carried out varying the atomic coordinates and isotropic
temperature factors. The final R factors for all reflections and for reflections excluding
zero intensity are 0.134 and 0.093, respectively. The final weighted R factor was
0.045. At this stage, the order of differences between F, and F . have become almost
equal to the order of oF, resulting in 1.69 for the quantity of error of fit,
[Xn. {((Fo — Fo)/aF,2}/(N, — N,)'?, where N, is the number of observed reflec-
tions and N, the number of adjustable parameters. Any further refinement with
increased number of parameters is, therefore, likely to result in no significant
improvement. In fact, attempts to determine the ordering of ferric and ferrous ions
in the structure or the anisotropic temperature factors for the atoms in the structure
were not successful.

The final atomic coordinates and the individual isotropic temperature factors
with the estimated standard deviations are given with the amount of displacements
of atoms from the ideal structure (Table 2). Fy and F . values are on deposit.!

DESCRIPTION OF THE STRUCTURE

The interatomic distances and the bond angles (Table 3 and 4)
were computed with the program RSDA-4 of the UNICS system
(1967) based on the final atomic coordinates (Table 2). The estimated
standard deviations of the atomic coordinates were used to compute
the standard deviations in the interatomic distances and the bond
angles.

Deviation from the ideal structure

The result of the refinement confirms the ideal structure proposed
by Bertaut (1953). Sulfur atoms approximately occupy the nodes of
the hexagonal closest packing and iron atoms are regularly arranged

*To obtain a copy of this material, order NAPS Document Number 01805.
The present address is National Auxiliary Publications Service of the AS.IS, c/o
CCM Information Corporation, 866 Third Avenue, New York, New York 10022;
and the price is $2.00 for microfiche or $5.00 for photocopies, payable in advance
to CCMIC-NAPS. Check a recent issue of the journal for current address and
price.
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Table 2. Final atomic coordinates and isotropic temperature factors for atoms In
pyrrhotite (FeS,) obtained in this study. Estimated standard deviations are
in parentheses! ~"The columns of ax|4x}, bx|Ayl|, and cx|Az| indicate the amounts
of displacement in Angstrom from the ideal structure proposed by Bertaut (1953).

5 T 5
% ax [fx] (B) ¥ bx| Ay | ta) z ax|4z] (a) B
Fel | 0.3809(3) 0.070 0.3500 (9) 0.171 -0.0063(2) 0.144 0.94(10)
Fe2 | 0.3816(4) 0.079 0.3660(11) 0.062 0.1234(2) 0.036 0.89 (8}
Fe3 | 0.3587(3) 0.194 0.3975 (9) 0.154 0.2501(2) 0.002 0.75(10}
Fed4 | 0.3750 0.3528(12) 0.152 0.3750" 1.41(13)
Sl | 0.2061(5) 0.026 0.3660(16) 0.062 -0.0618({3) 0.016 0.78(15})
52 | 0.5418(6) 0.001 0.3833(15) 0.057 0.0598(3) 0.062 0.61(14)
s3 | 0.2096(5) 0.015 0.3858(15) 0.074 0.1805(3) 0.160 0.50(14)
s4 | 0.5428(5) 0.013 0.3645(15) 0.072 0.3087 (1) 0.087 0.65(15)

in the octahedral interstices of the sulfur atoms. The vacancies among
the iron sites are in ordered arrangement and confined to alternate
layers of iron atoms and normal to the ¢ axis (Fig. 1). These vacancies
result in slight displacements of iron and sulfur atoms from the posi-
tions in the ideal structure proposed by Bertaut (Table 1). The
amounts of displacement of atoms in the final structure are given in
Angstrom along the a, b, and ¢ axes (Table 2).

Coordinations of iron and sulfur atoms

Beecause of the ordering of vacant sites for iron atoms and the dis-
placements of iron and sulfur atoms from the ideal structure, coordi-
nations of iron and sulfur atoms indicate some characteristies in the
structure under discussion in comparison with the structures of troilite
(Evans, 1970) and of the 3C-type pyrrhotite (Fleet, 1971).

All the iron atoms lie between six sulfur atoms with octahedral
arrangements and also between other iron atoms, which are so close
that the iron atoms are coordinated both by sulfur atoms and by iron
atoms as described later in detail.

The bond lengths and the bond angles around the iron atoms (Table
3) indicate that the octahedra of sulfur atoms are not much distorted
In this structure. The mean distances of Fe—S are 2.446, 2.449, 2.456,
and 2444 A for the octahedra of Fe(1), Fe(2), Fe(3), and Fe(4),
respectively. These values are compared with the corresponding ones
of 2491 A in troilite (Evans, 1970) and 2.448 A in the 3C-type
pyrrhotite (Fleet, 1971).

All the Fe—TFe distances are more than 3.1 A in the basal iron layers
except the Fe(3)—Fe(3) distance with 2.944 A in the filled layer
(Table 4). This makes a clear contrast with the structure of troilite,
where the formation of triangular groups is characteristic in every
basal iron layer with the Fe—Fe distance of 2.919 A (Evans, 1970).
However, the Fe-Fe distances between the neighboring iron layers
are rather short along the ¢ axis in the 4C-type structure, ranging from
2.868 to 2.956 A (Table 3). They show systematic change along the ¢



1073

MONOCLINIC PYRRHOTITE

*(66¥2°0 '5209°'0 ‘E€TYT°0) B €93 STY3 3JO SSIBUTRIOOD YL

(e)&° 83T PES-£23-3%5 {p)e°vLT ays5-Z2a~qrs {e1L-sLe qrs-124-EES
(s)e-9Lt opS-y91-D¥S (E)v LT P¥S-£24-3€S (r)p2LT 0£5-223-925 (1) T°89T q18-124-225
(F)E-ELT 9ZS-y24-PES (E)0"63T PZs~-£2d-218 (r)6 €LT 215-Z24-418 (P)7°69T qis-1=24-215
(e)z°vs qys~T12d-9ES
(£)9-s8 Prs-g=d-pIs (€)z- 06 oys-ga1-2£8 (e)v'ss qys-Ted-q1s
(E)¥ 06 PES-£33-PES {€)s-98 DES-ERI-DT8 {(€)0°06 qZs-Tad-qis
(E1E 6L pps-£24-073 {€)L°s8 DES-ZRI-qES {e)e-Le qZs-123-Bg5
(43 N:08 %1 peg-£24-9%5 {€)e- L8 oT5-g2d~q¥s [§210:1 q18-124-BES
(€)6°¢6 278-p03-D¥S (RN PZS-£24-9E5 (€)1"88 q18-783-975 (€)6°z8 qps-T2d-2Zs
{g)g-L8 °pS-y24-DPES (E}E- 20T PES-ERI-IES {€)8°98 qzs-gai-qgs {€)5 98 qEs-T2J-2c9
(¥)8°€8 8£5-yo4-PES (g} e"g8 DpE-E2d-2L8 (€)e°Le aps-gad-qIs (€12 €6 eES-TRI-PLE
(€£)s°68 PyS-y2J-PES {e)z-Le Pps-£04-218 (€)€°26 o18-gaI-qzs (g)z-ss qys-193-E18
(+)9-88 PyE-poa-PZS {¥)0" 86 pES-[23-018 (€)v 16 ®qI§-72d-928 (€)9°68 qTE-104-215
{p)s"06 pPLS-voa-pIs {E)9 98 PyS-£94-015 {v)8°s6 ops-zad-qis {€)e g6 eEg-133-215
(v)Z°s6 pPZS-yod-PTs {elg 68 ogE-ERI-2IS (€)z-68 oEE-Z34-qTS {€18°16 vEg-104-¥15
uoxpeye3oo £ad 3O SoTBus puoq GOunMLMgaa gag jo Sarbur puocq woIpeye3oo zog jo solbue puog uoapsye3lono Toa Jo salbur pued
¥igep’e yod - E24

(9 ¥p6 e »E34 - E9d {9)9s6°¢ T24 - Z2d
(9) 116" 2 €94 - gad (9)116°¢ €24 - ¢@d (9)9s6°Z e - 194
(0T)EGY"E P8 -~ 84 {80)595°¢ PVS - 724 (oT)vi9'e qays - 124
(BO)S9S° T ByS - E=d4 (60)zeE"2C peES - zad (8)9tv-¢ qes - Tod
(7)898°C €od ~ ¥od (60)EEE" T PES -~ E24 (oT)E6v°C PZs - Zd94 (oT)88E°C q15 — 124
(L0) LTS T pys - ¥od (oT)ses 2 oE - EDJ {0T)5€5°C ops = zdd (01)59¢€°2 BES - Tad
(01 o0tv°2 PeS - pod (8n)69¢"7 o£S - £9a (01)69¢°¢ O£ - zod (oT)88E"C wgs - 123
(0TI ¥OV" 2 pzs - vod (TT}6¥¥'E 16 - ETF {oT)6¥%¥°¢ D18 - zod {g)Lev'e g ~ T84

Se5uE35TP DTUOREISI UL BI0OUE]S1D OJWUOREA0FUL EosUDSTp DIwWo3vIagul SOOUB}ETP OTUORTAURUL
woapoyhtod yod (¥ uoapaihited goa (€ vozpeuitod gag (Z uoapaylitod 183 (T

- . 1 - " *9T/L=Z D

_ lt91/5~z ‘p f9T/cwz ‘D {97/1=2Z ‘q {97/1-=2 ‘® ! SMOTTOJ S® S93RUTPIOOD

~Z ateyusz Kq poysTRBUTISTP ©Xe SWORR AINITNS DL °*Z O[YRL UT USATH siv suoje uoaT

vm..;wo S9IRVUTPIOOD OTWOIR YT °Sosayjusied ul 8I¥ SUOTIVTADP pIepuels pajewTisy
v (¥gloa) o3T30yxaAd °dX3-DF oYL UT (,) SoTHur puoq pue (Y) So0UE}STP DTWOIRIPIUL  * € OTqRL



1074 TOKONAMI, NISHIGUCHI, AND MORIMOTO

Table 4. Fe-Fe distances in the vacancy containing and filled iron:
layers. Estimated standard deviations are in parentheses. The
iron atoms are located by the following letters : £, x=1/8;
g9, x=3/8; h, x=5/8; 1, y~=-1/8; j, y~1/8; k, y~5/8; e, y~7/8.

Vacancy~containing Filled layer
layex
z==3/8 z=2/8
Fe4d ~Fe2hj | 3.263 (7) | Fe3-Felhk | 3.678(6) | Fe3 ~-Fe3hj | 3.926(5)
Fed -Fe2hk | 3.613 (7) | Fe3~Felg® | 3.109(9) | Fe3 <~Fe3fk | 2.944(6)
Fe2hj~Fe2hk | 3.434(11) | Fe3-Felfj | 3.201(6) | Felhk-Felg% | 3.418(6)
Fe3-Felgi | 3.760(9) | Felfj-Felgi | 3.514(7)

axis: 2.868 A for the central Fe (4)—Fe(3) distance increases to 2.956 A
for the Fe(2)—TFe(1) distance through 2.911 & for the Fe(3)—Fe(2)
distance (Fig. 3). The linear arrangement of iron atoms along the c
axis in the ideal NiAs structure (Table 1) can be compared with
the slightly bent arrangement in this structure where the angles
Fe(1)—Fe(2)—Fe(3), Fe(2)—Fe(3)—Fe(4), and Fe(3)—Fe(4)—
Fe(3) are 174.06°, 166.05°, and 167.71°, respectively.

Because a bonding interaction is expected between iron atoms with
interatomic distances of about 3.0 A or less (Goodenough, 1962), Fe (1)
is coordinated by one iron atom [Fe(2)] Fe(2), and Fe(4) by two
iron atmos [Fe(2) by Fe(3) and Fe(4), and Fe(4) by two Fe(3)],
and Fe(3) by three iron atoms [Fe(2), Fe(3), and Fe (4)], be-
sides by the six sulfur atoms with octahedral arrangement deseribed
above (Figs. 3 and 4). The Fe—Fe bonding in this structure will be
discussed later in more detail.

The sulfur atoms are coordinated by five iron atoms which are on
the corners of a trigonal prism because of a vacant site on one of the
corners. Only S(4) is coordinated by six iron atoms as in troilite
(Fig. 3).

The structure as a whole can be described to be built up of chain
elements of seven octahedra of sulfur atoms around iron atoms,
elongating along the ¢ axis, in which the octahedra are united by
sharing two opposite faces. The chain elements thus formed are con-
nected sideways by sharing edges with the neighboring ones (Fig. 3).

Atomic arrangement around the vacant site

Vacant sites for iron atoms are orderly distributed in the vacancy—-
containing basal layers, and are surrounded by six sulfur atoms and
two iron atoms. It is of interest to examine the arrangement of these
neighboring atoms around the vacant sites. The amount of displace-
ments of these neighbors from the positions in the ideal structure are



MONOCLINIC PYRRHOTITE 1075

Fi6. 3. Schematic drawing of the crystal structure of the 4C-type pyrrhotite.
A group of seven octahedra of sulfur atoms around iron atoms builds a col-
lective unit along the ¢ axis, in which the octahedra are united by sharing two
opposite faces.
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(1) (2) (3) (4)

Fic. 4. The coordination schemes of iron atoms in the 4C—type pyrrhotite.

schematically shown in Figure 5, where the arrows represent the com-
ponents of the displacements along the a, b, and ¢ axes.

In order to compare the atomic arrangement around the vacant site
with that around the iron atoms in the structure, a hypothetical site
(X) was determined from the positions of octahedral sulfur atoms
around the vacant site so that all the X—S distances become approxi-
mately same. The coordinates of the X site were obtained to be
(0.3750, 0.3668, —0.1250) . The mean values for the X—S, X—TFe, and
S5—S distances around the X site are compared with those for the Fe—S,
Fe—Fe, and S—S distances around the iron atoms (Table 5). The result
seems to indicate that the octahedra of sulfur atoms around the vacant
sites are only slightly smaller in comparison with those around the iron
atoms. The X—Fe distance is, however, significantly smaller than the
Fe—Fe distances.

DiscussioN

Because the vacant sites are distributed in the structure as far as
possible from each other and the atoms around the vacant sites are
likely to move to reduce the vacant space, the structure of the 4C—-type
pyrrhotite seems to be essentially ionic.

In order to obtain a clue to the distribution of Fe** and Fe®*, the
stabilization energies have been calculated for different distributions
of Fe®* and Fe* on the basis of the refined structure. The distributions
of Fe** were limited into the following four typical models after
Bertaut (1953),
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model 1 (distribution of Fe®*** at all the iron sites),

model 2 (distribution of Fe®* at the Fe(2) sites),

model 3 (distribution of Fe®* at the Fe(1) sites) and

model 4 (distribution of Fe®* at the Fe(4) sites and a part
of the Fe(1) sites).

The caleulations were carried out by using a Madelung constant
program (Unpublished report by Quintin Johnson of the Lawrence
Radiation Laboratory, 1965) adapted to FACOM 230-60 computer at
Kyoto University. The stabilization energies are as follows:

model 1 —276.3 keal/mol,
model 2 —395.6 keal/mol,
model 3 —409.9 keal/mol and
model 4 —408.5 keal/mol.

The conclusion that the model 3 is most stable among the four models
is different from that obtained by Bertaut (1953) based on his ideal
structure, which gave the stabilization energies of —495 keal/mol for
his model 4 and of —472 keal/mol for his model 3. Our result seems
reasonable because the electric unbalance caused by the vacancies of
iron atoms can be compensated by the additional charge of Fe(1)
atoms which are the nearest cations of the vacant sites.

Fic. 5. Displacements of atoms around the vacant site from the positions in
the ideal structure proposed by Bertaut (1953). The arrows represent the com-
ponents of displacements along the q, b, and ¢ axes.
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Table 5. The mean distances (ﬂ) for X-8, X-Fe and 5-S around thg vacant site (X)
and those for Fe-S, Fe-Fe and S-S around iron atoms. Number in parentheses
are those of bonds considered.

around X around Fel around Fe2 around Fe3 around Fed

X-5(6) 2.439| Fel-S(6) 2.446 |Fe2-5(6) 2.449 |Fe3-S(6) 2.456 |Fe3-5(6) 2.444
§-5(12) 2.450| s-s(12) 3.450 | 5-5(12) 3.458 | s-s(12) 3.457 |s-5(12) 3.454
S-5(3) 4.876| S~8(3) 4.876 | 5~5(3) 4.889 | 5-5(3) 4.885 | S~5(3) 4.881
X-Fe(2) 2.708 | Fel-Fe(l) 2.956 | Fe2-Fe(2) 2.934 |Fe3-Fe(3) 2.908 |Fe4-Fe(2) 2.868

However, the Méssbauer spectra of the 4C—type pyrrhotite show no
sign of Fe’* even at 4.2°K (Hafner and Kalvius, 1966; Levinson and
Treves, 1968). This means that even at this low temperature the Fe®*
and Fe’* ions do not have separate existence for a time longer than that
occupied by the Mossbauer transition (107—107% sec.). These results
seem to reveal that the stability of pyrrhotite should be treated on the
basis of an ionic model not of Fe;>*Fe,* "S>, but of Fe,”**S,*~ (model 1),

although its calculated stabilization energy is not favorable.
Furthermore the observation of the Mossbhauer spectra of the

4C—-type pyrrhotite (Iafner and Kalvius, 1966; Levinson and Treves,
1968) provides three different magnetic fields at the sites of the iron
atoms which are caused by the magnetic interactions between the
iron neighbors in the structure. The application of an external
magnetic field and the intensity ratio for the various subspectra
indicate that the three different magnetic fields correspond to the
Fe(2) and Fe(4), Fe(1) and Fe(3) (Levinson and Treves, 1968).
Because the iron neighbors are different for these three kinds of iron
atoms as explained above (Fig. 4), the structure obtained in this
study explains well the results of the Mdssbauer study.

According to Goodenough (1962), there are critical values of
cation~cation separation below which the d-electron must be treated
by means of collective system rather than localized one. In the Fey_,S
system the critical separation is about 3.0 A, {Goodenough, 1962).
Accepting this ecritical value for the Fe-Fe separation, the group
of seven iron atoms along the ¢ axis can be considered as a collective
unit in the 4C-type pyrrhotite (Fig. 3) like the triangular group in
the troilite structure. Each iron group is connected with two others
through the short Fe(3)-Fe(3) bonds in the filled iron layer, forming
an endless chain elongated along [101] (Fig. 6). The formation of
these iron clusters possibly increases the stability of the apparent
ionic model of Fe,;2-29*Sg2",

The complicated structure of iron clustering found in the 4C-type
pyrrhotite must be important for understanding of the long-range
ordering of vacant sites in the superstructures of pyrrhotite at various
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Fia. 6. Endless chains running parallel to [101] composed of chain clements of
seven iron atoms elongated along the ¢ axis.

temperatures and compositions (Morimoto, Nakazawa, Tokonami, and
Nishiguchi, 1971; Nakazawa and Morimoto, 1971).
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