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Abstract

Satellite reflections appear parallel to c*: only even and
odd orders around main reflections with # and k both
even and both odd, respectively, which are explained by
assuming that two kinds of out-of-step vectors, such as
(a + b)/4 and (a — b)/4, occur alternately at intervals
of ¢/4 along the orthorhombic ¢ axis. The main origin of
the superstructure is the ordering of the Fe vacancies,
the distribution of which in four different Fe rows
parallel to the ¢ axis is studied in terms of Fourier
expansion.

Introduction

The intermediate pyrrhotite with the compositional
range from Fe,S,, (5C type) to Fe,;S;, (6C type) has a
superstructure of the NiAs type with various incom-

* Present address: Faculty of Science, Kyoto University, Sakyo-
ku, Kyoto, 606 Japan.

0567-7394/81/030301-08%01.00

mensurate ¢ periods from 5 to 6 times as long as a
sub-period (Morimoto, Gyobu, Tsukuma & Koto,
1975). Their lattices are orthorhombic C-centered with
a=2A,b=2A +4A,and ¢ =NC where A, A, and
C represent the hexagonal subcell vectors of the NiAs
type and N is generally incommensurate (5 < N < 6).
Al and |A,| ~3.5,and ICI ~ 5-7 A.

The 5C and 6C types are respectively commen-
surate with just 5 and 6 times the length of a
sub-period. These are the limiting cases of the
incommensurate types. In part I (Koto, Morimoto &
Gyobu, 1975), the structure of the 6C type has been
studied. The main origin of the superstructure is the
ordering of Fe vacancies as in the 4C type, Fe,Sq
(Bertaut, 1953). The structure of the 6C type is
statistical and a filled layer of Fe atoms alternates with
two consecutive partially defective layers along the ¢
axis. The distribution of the Fe vacancies in the two
structures of the 4C and 6C types is explained by a
one-dimensional out-of-step vector at intervals of c¢/4
along the c axis, as shown in Fig. 1 (Koto, Morimoto &

© 1981 International Union of Crystallography
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Gyobu, 1975). Incommensurate superstructures of the
intermediate pyrrhotite can be also explained in
essentially the same way (Koto, Morimoto &
Kitamura, 1975).

The fractional nature of the period was firstly
confirmed theoretically by using the antiphase function
or the step function (Fujiwara, 1957). Kakinoki &
Minagawa (1972) refined Fujiwara’s model and made
some important remarks on the application of the step
function, and Minagawa (1972) proposed an alter-
native model for the structure with an incommensurate
value for the half period, M.

In the present paper the diffraction aspect of the
commensurate and incommensurate superstructures of
the intermediate pyrrhotite is studied by using the step
function, and relationships between the coefficients of
the Fourier series which represents the distribution of
Fe vacancy in the superstructure are obtained.

Diffraction aspect

One-dimensional out-of-step vector

Laue symmetry is mmm in the intensity distribution
of the intermediate pyrrhotite. Satellite reflections
appear parallel to ¢* and are only even and only odd
orders around main reflections with # and k both even
and both odd, respectively, as shown schematically in
Fig. 2. The fundamental structure of pyrrhotite is of the
NiAs type and Fe atoms form a primitive lattice (Fig.
3). Because no vacancy is observed with S atoms, we

(@) ()

Fig. 1. Distribution of Fe vacancies in four different rows (4, B, C
and D) for (a) the 4C-type Fe,S; and () the 6C-type Fe,S,,.
The A prime row represents a hypothetical Fe row at 4 before
the out-of-step vector occurs. This is the same as Fig. 5 of Koto,
Morimoto & Gyobu (1975).

THE SUPERSTRUCTURE OF THE INTERMEDIATE PYRRHOTITE. II

may, at first, take into account only the vacancies of Fe
atoms in determining the origin of the satellite
reflections. Fe atoms are at (0,0,0) and (0,0,4) of the
hexagonal lattice with A,, A, and C (Fig. 3). For the
superstructure, it is convenient to take such a large
orthohexagonal lattice as having a = 2A,, b= 2A, +
4A, and ¢ = NC (Fig. 4). Possible vacant positions in

c*

L ==

o

flite |0
g oo ,jzﬂlt | ' Zt‘:
2t K o e

000 ok 1%

®

Fig. 2. Schematic diagrams of the diffraction pattern of the
intermediate pyrrhotite. Large and small circles represent main
and satellite reflections respectively. (a) Satellite reflections
appear along the ¢ axis. ‘Odd’ (open circle) and ‘even’ (solid
circle) indicate the satellite reflections of odd and even orders
respectively. (b) Ok/ and 1k/ of reciprocal space. T and ¢ represent
the distances between the nearest two main reflections and
between the nearest two satellite reflections. T/z is equal to N.

—
———

Fig. 3. The fundamental NiAs-type structure with the hexagonal
cell edges of A and C.
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each Fe layer parallel to (001) are reasonably assumed
to have the (x,y) coordinates as follows:

A(0,0) and (4,3);
B (4} and (3.3);
C (4,0) and (0.3);
D (3,9 and (4,3),

which are also shown in Fig. 4. Therefore, four kinds of
Fe row parallel to the ¢ axis pass through the above
four positions. The corresponding phase factors, a;(j =
1-4), are, respectively, put equai to (4)a, =1, (B) q, =
"k (C)ay = (—=1)* and (D) a, = (=1)* i***, whose
values are listed in Table 1 for the different 4 and k in
reciprocal space. The observed diffraction aspect of the
satellite reflections is, as will be shown below, well
explained by assuming that two kinds of out-of-step
vectors such as u, = (a + b)/4 and u, = (a — b)/4 (Fig.
4) occur alternately at every c/4 or N/2 = M, where M
is the number of Fe layers since the subcell has two Fe
layers.

The out-of-step function, @(hkn), is represented as ¢
= ¢, + @,, where ¢, and g, represent the step function
and the boundary conditions of the step function,
respectively (Kakinoki & Minagawa, 1972). Since the
out-of-step function has a period of 4M, the period M
of the standard structure should be subject to the

Table 1. The h, k dependence of the four different Fe
sites A, B, C and D

The correspondmg phase factors, ﬁ, (j =1,2,3 and 4) are put
equal to (4)a, = 1, (B)a, AL (C)a3 = (=" and (D)
aq = (—1)h+k Q integer.

@ ()] © (@)
hk both even both odd
h+k 40 40 +2 40 40 +2
@ 1 1 1 1
& 1 -1 1 -1
a; 1 1 -1 -1
0 1 -1 -1 1

Fig. 4. Supercell of intermediate pyrrhotite with the subcell vectors
of A and A,. 4, B, C and D represent the sites of Fe rows along
the ¢ axis in (001) of the orthohexagonal unit cell. Two different
out-of-step functions which form spirals are shown: cw clockwise
and ccw counterclockwise.
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relation 4vM = M (M integer), where v is the minimum
positive integer to make 4vM equal to an integer M.
Out-of-step functions with alternate vectors u, and u,
form a spiral along the ¢ axis, as shown in Figs. 4 and
5. We define ¢ beginning with u, as clockwise and u,
as counterclockwise. Depending on 4 and k, (a), (b), (¢)
and (d) in Table 1, ¢ (hkn) of clockwise (Fig. 6) are as
follows:

(@ @,(n)=1,wheren=0,1,2,...., 0 — I, where Q
is the number of Fe layers along the c axis.

i 1 @2m + Dn

b n)= sin 7 = 0
() 0,(n) = MZOZmH =
(2m+l)n
if ———— + integer.

4 2 @2m+ Dn
c)o,(n)=- ——,
©) ¢,(n) ”22 ST

Fig. 5. Schematic diagram of two kinds of spiral in pyrrhotite.
Figures which start from A and C (trees) form a clockwise spiral
(solid line) and those which start from B and D (woman and man
respectively) form a counterclockwise spiral (dotted line). Figures
for C and D are drawn only at the starting points. The meaning
of A, B, C and D is the same as in Fig. 4.
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(2m +Dn
if ———=—— +# integer.
2M
4 2 (=1m Q2m+ n

d n)=-— cos —,
@) () nz=2m+1 o8 2M
(2m + Dn
————— # integer.

For ¢ counterclockwise, (a) and (b) are the same but
(¢) and (d) are interchanged. Boundary conditions ¢,
are described in the Appendix.

Two combinations of out-of-step functions

The same vector u, or u, must be applied to Fe rows
at 4 and C (or B and D). However, either u, or u, can
be applied at B and D (or 4 and C). This means that
two combinations of out-of-step functions are possible
in the structure.

(1) Out-of-step functions begin with u, for 4 and C
and with u, for B and D or vice versa. That is, all four
spirals which start from 4, B, C and D are in the same
direction (e.g. clockwise) as follows:

A: A-B-C-D-A-B—-C-D-...
B: B—-C-D-A-B-C-D-A4-...
C: C-D-A-B—-C-D-A-B-...
D: D-A-B—-C-D-A-B—C-...

(2) Out-of-step functions begin with the same vector
u, or u, for all four positions 4, B, C and D. In this case
the two spirals which start from A4 and C are clockwise,
while the other two, which start from B and D, are
counterclockwise, or vice versa (Fig. 5).

A: A-B—C-D-A-B-C-D-...

(cw)
(cw)
(cw)

(cw).

(cw)

B: B—A-D—C—B-A-D—-C-... (ccw)
C: C—D-A—B—C-D-A-B-... (cw)
D: D-C-B-A-D-C—B-A-... (ccw).

In both cases the diffraction aspect of the satellite
reflections can be explained.

+1

(@ 0

+

® 7

——0

+} ——————0

(]

-1 —_———0

—_—

4+ ———¢ —eeeeeeO. —

@ 7

Fig. 6. Out-of-step function ¢(hkn) depending on & and k; (a), (b),
(c) and (d) in Table 1. The meaning of 4, B, C and D is the same
as in Fig. 4.
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Distribution of Fe vacancies

Occupancy probability of Fe atoms

Let us express the Fe vacancy distribution by p,(n) (j
=1, 2, 3 and 4) through 4, B, C and D, respectively, in
the four different Fe rows along the ¢ axis before the
out-of-step vector occurs. Here n (integer) is the nth site
in an Fe row and 0 < p,(n) < 1. It is obvious that pj(n)
has a period of uM = M (M’ mteger) where 4 is the
minimum positive integer to make M equal to an
integer M'. M' =M if u=4v.

p,(n) is conveniently expanded as a Fourier series:

M'—1 -
pmy=A,+ Y [A4,cos (2nmn/M)
m=1

+ B,, sin Qamn/M)] )

where A, A,, and B,, are the Fourier coefficients of the
Jth row. Equation (1) has the following characteristics.

(i) If we use M' — m for m, then equation (1)
becomes

MI—1
p(m)y=Ag+ 2 [Ay._p,cos Qamn/M)
m=1
— B,,_py sin Qumn/M)). Q)

From (1) and (2), 4,,._,, = A,, and By,._,, = —B,,
Therefore the numbers of coefficients are M’ and M’ +
1 for odd and even M’ respectively. That is,

M'; 40,41 Ay oo s Apgi_yyp@nd By, Boy ooy Bayi_y2
for M’ odd,
and
M +1,4,4,,...,4y.,and B\, B,, ..., By,
for M’ even.
Since

By, sin[27(M'/2)n/M] = B
for M' even, the number of coefficients to be determined
is M’ for both M' even and M' odd.

(ii) When M is an integer, then M = M’ (u = 1). If
we use M' + n for n, then

cos [2nm(M’ + n)/M'] = cos Ramn/M")

vz SID Tun =0

and
sin[2zm(M' + n)/M'] = sin Qmmn/M").

Therefore the period of p(n), M', is an integer.
Relations between the out-of-step function ¢ and the
phase factor a of 4, B, C and D sites are shown in Fig.
6. As the crystal has a C-base-centered lattice, the
geometrical structure factor of the Fe vacancy, G,, is

G,=2'S plhkmyo(hkn) expQmind. ()

n=0
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Here
4
p(hkn) = jZ aj(hk).p,(n)
=1

and the parameters are based on the period of the Fe
layers along the ¢ axis. Coefficients of p(hkn) are,
therefore,

4 4
Ay= 2a;.Ay, A,= Ya,A, and
j=1 j=1

4
Jj=1

Here suffix j represents the coefficients of the jth row in
Table 1.

Taking into account the phase factors in Table 1, we
obtain

4
p(n)=2. a,p,(n)

as follows: =
=p,(n) + p,(n) + py(n) + p,(n) for (a),
) = py(n) — py(n) + py(n) — py(n) for (b),
p(n

= p,(n) + p,(n) — p3(n) — p,(n) for (c),
= p,(n) — p(n) — p3(n) + p,(n) for (d).
Therefore —2 < p(n) < 4.

Relation between A, and composition

The composition is represented as Fe,_,S, in special
cases of r = 8(the 4C type), 10(5C), 11(11C) and
12(6C). Since for every composition eight Fe sites are
in an Fe layer parallel to (001), 8 x M’ sites are in M’
Fe layers. In the nth layer, the number of vacancies for
Fe atoms is

2[p,(n) + py(n) + p3(n) + py(m)] = 2p(n).
Therefore 1/r is represented as
1 1 M'—1

P TTR

S.

4M'

Here
M'—1

S=4M'/n= 3> p(n)

n=0

M1 M1 -
=3 {A0+ > [A4,,cos(2mmn/M)

n=0 m=1
+ B,, sin 2nmn/M)]

M'—1
=AM + 3

m=1

M'—1
A, S cos(2mumn/M)

n=0

+B, Mil sin (27zmn/117[)]

n=0

=AM,

305

since
M' -1
S cos(2nmn/M) = 1 + cos (nvm)
n=0
x sin[(M' — V)avm/M'])/sin (mvm/M') =0
and
M1 -
> sin (2nmn/M) = sin (zvm)
n=0

x sin[(M’ — 1)nvm/M’}/sin (mvm/M') = 0.

Let us express the average number of vacancies in
each Fe row at 4, B, C and D sites before the
out-of-step vector occurs as r,, r, r; and r, respec-
tively, which represent

M'—1 M —1

2 2
ry= _AT Z p(n), ry= F Z Dy(n), etc.
n=0 n=0

Then coefficient A, and the composition are related as

follows:
M'—1

S 1
Ao= 3 =3 2P
M'—1

=~ 2 12+ pa)+ py() + py ()]
n=0

=(ry+ry+ry+ry)/2=4/rfor (a).

Similarly we obtain
= (r,—ry+ ry—r,)/2for (),
Ao =(r, + ry—ry—r,)/2for (c),

L=(rl —r,—ry + r,)/2 for (d).

Application to the 4C-, 5C- and 6C-type structures

In the 4C-type (Fe,S,) (Bertaut, 1953) and 6C-type
(Fe,;S,;) (Koto, Morimoto & Gyobu, 1975) struc-
tures, the Fe vacancies are completely ordered in an Fe
layer parallel to (001), but the stacking sequence of the
ordered layers is different. The distribution of the Fe
vacancies in both structures is described by an
occupancy probability function [for example p,(#)] and
the other three functions have zero value. As un-
derstood from Fig. 1 (the same as Fig. 5 of Koto,
Morimoto & Gyobu, 1975), p,(n) of the 4C and 6C
types is described as follows.

For the 4C type

N=4, M=N/2=2 and M’ =ubl=2(u=1).

Equation (1) becomes
2—-1

pi(m)=A,+ i [4,, cos Qnmn/M)
m=1
+ B, sin Qrmn/M))
=A,+ A, cos(27n/2) + B, sin 27n/2)

=A,+ A, cos(7mn).
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From the relation between A4, and the composition, sinced, =A,A,=A;, B,=—B,and B,=—B; A, =
dy=4lr=1/2. 4/r = 2/5. We obtain
As p,(n) is represented as p,(n)=2/5+ 24, cos(67n/5) + 24, cos (27nn/5)
0101010101..., p,(0)=1/2+4,=0. — 2B, sin (6n/5) — 2B, sin 2n/5).

Therefore 4, = —1/2. We obtain Thus the distribution of Fe vacancies in the 5C type is

Dp,(n) = 1/2 — cos (7n)/2. described by the above function with four coefficients
For the 6C type A,, 4,, B, and B,. The structure of the SC type is
. . studied elsewhere.
N=6, M=N/2=3 and M'=uM=3u=1).
3—-1
pi(m)=4y+ Y [A4,,cos(2amn/M)
=t . Geometrical structure factor of Fe vacancies
+ B,, sin 2mmn/M))
Since main and satellite reflections are sharp and not

=4y + 4, cos 2mn/2)+ 4, cos (27 x 2n/3) diffuse, only the Laue peak is taken into consideration

+ B, sin(27m/3)+ B, sin (27 X 2n/3) in the calculation of the geometrical structure factor
. due to the distribution of Fe vacancies. The calculation
=Ag + 24, cos(nn/3) — 2B, sin (nn/3) is made by taking the Fe vacancies only into account as
since A, = A,and B, = —B,; 4, = 1/3. for the 6C type (Koto, Morimoto & Gyobu, 1975).
: Boundary conditions ¢, of out-of-step functions are
As p,(n) is represented as omitted in the following calculations.
01/21/201/21/201/21/20 Equation (3) becomes as follows, depending on &
e and k; (a), (b), (c) and (d) are as in Table I:
p,(0)=1/3+24,=0
0-1
and (@) G,=2 ¥ p(n)exp(2minl)
pi(1)=1/3 + 24, cos(n/3) — 2B, sin (n/3) = 1/2. n=0
Therefore 4, = —1/6 and B, = 0. We obtain 0-1
p,(n) = 1/3 — cos (7n/3)/3. =24, Eo exp (27inf)
For the 5C type MI—1 0-1 N
N=5 M=N/2=25 and M'=ub=5(u=2). + 2 Ay ¥ cos(2mmn/M) exp (2minl)
m=1 n=0

Although the structure of the SC type is unknown,
p.(n) is described as follows, if it is assumed that p,(n)
has non-zero value and the other three functions have

0-1 -
+ B, > sin(2amn/M) exp (27rinC)]]
zero value, as in the 4C and 6C types: =

n=

51 M -1
p(M)=Ay+ Y (A, cos Qamn/M) =Q{24,0,, + ’zl (A (e L —mimt
m=1 =

+ B,, sin (2nmn/ )]

+ O¢Lsmm) — IBp(OgL—mm— 6{,L+m/1ﬂ)]} .
=4, +d;cos(2an/2:5) + A,c0s(2n X 2n/2-5)

+ A, cos(2n x 3n/2-5) Therefore

+ A4 cos 2m + 4n/2-5) (=2QA,6,, whenh,kand {=L,

+ B, sin(27n/2-5) + B, sin (27 x 2n/2-5) =Q(A,, + iB,) O¢1.mm Wwhen h, kimd

+ B, sin(27 x 3n/2:5) G,< (=L +m/H

+ B, sin 27 X 4n/2-5) =Q(A,,— iB,) 8¢L—miz Whenh, k fm d
=A,+ 24, cos(67n/5) + 24, cos(2nn/5) L {=L—m/M,

— 2B, sin(67n/5) — 2B, sin (27n/5), wherem=1,2,..,.M' — 1.



KICHIRO KOTO AND MASAO KITAMURA 307

0-1 M’ —1 'm o-1 M'~1 4m
®) G, =2 |4,+ > (A cos 2m——n (d)Gv=22[Ao+ Z(A,,,cosann
n=0 m=1 2M n=0 m=1
. 2m ] 4m
+Bmsm2nmn + B, sin ZnHI:n
i 4 2 —1)m 2m' + 1
X iz 1 smznzm’fln x[—z (' cos 27 - n]
m =, 2m + 1 2M m = 2m + 1 4Nt
x exp (27ind) x exp (27in{)
20 2 1 40 o (=™
- =5 s e L e S
=— 2 2wt {21A0(5C,L+(2m+l)/2M = oml:0 Y ( CL—@m' + /4N
— 01—+ 1)/280) + OpL+@m+ 1)/47)
M'—1 M'—1 © ()
+ Z [y — B,) ScLst2imsemy+ 1120 + Z [2(A +iB,,) Z o+ 1
m=1
— (A + By) Oy L—2msmye 11720 X 64“‘2("’ "+ 2m)+ /4N
. [e 0] ’
+ (i + B )0 L+ (20m—mys 11280 + 24, — iB,) Z 2( l)m1
- (iAm—'Bm)ag,L—l2(m'—m)+l]/2A7l] . m o+
0-1 Mi—1 am X O¢L—(20m +2m)+ll/:0M ( )
— 1y
(C)G—2Z Ao+z (A cosZnZA—ln + 24— iB) Z
n=0 m=1 2m’ +1
) 4m P
+ B, sin2n——=n X O¢L+120m'—2m)+ 1)/48%
4M © .
© +2(A4,,+iB )Z D
4 1 2m’ +1
X ——Z—sin27z—-——n} 2m' + 1
m o=, 2m' + 1 aM

. X 5C,L—[2(m'—2m)+ 11/4M
x exp (27ing)

4Q i 1 5
7 4id, Z om' + 1 (O om+vyasm To sum up, satellite reflections due to distribution of Fe
m'=0

vacancies can be found at L + (u/M) (L and u integer)

— 0L m v 1y/am) referred to the subcell of Fe atoms along a reciprocal
Mo—1 row (a) in Table 1, at L + (2u + 1)/2M along row (b)
+ Z [2(1A and L + (2u + 1)/4M along rows (c) and (d). That is,
along (a) only fourth-order satellite reflections, along

1 row (b) only second-order (mod 4), and along (c) and

X Z o+ 1 Oy L+ 120m +2my+ 148t (d) only odd orders can have non-zero values of G,.
" The results also indicate that G, is the same for the
—2(id,, + B,,) same order of satellite reflections. Furthermore, it is

understood from G, that satellite reflections of the same

order in each row have the same intensity, G,G¥, and

those for (c) and (d) rows also have the same, resulting
+ 24 +B.) in three different rows, (a}, (b) a'nd (c)= (d).

P m In the calculation of intensity by using the above

1 5 ~ formulae for geometrical structure factors, it must be

X Z 2ml + 1 LTl =2m+ 1AM noted that, if two and more satellite reflections appear

at the same reciprocal point, the intensity must be

X Z '——5C,L—[2(m'+2m)+l|/4lﬁ
2m' + 1

—2(id,,— B,,) calculated by squaring the sum of all structure factors

© 1 and not by summing all intensities. This is the case, for

% Z ——————— Ot (2w —2my+ 11/ANE example, for M’ integer, e.g. the 4C, 5C and 6C
o 2m' + 1 types.
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Discussion
Displacements of atoms

Displacements of Fe and S atoms may occur,
followed by the ordering of Fe vacancies in the
fundamental NiAs-type structure. Therefore contri-
butions, due both to ordering of Fe vacancies and to
displacements of Fe and S atoms, are observed in the
intensity of satellite reflections. Satellite reflections due
to displacements of atoms appear based on the cell
edges of the fundamental NiAs-type and not on those
of the Fe subcell. To determine the distribution of Fe
vacancies, the intensity due only to the vacancy
distribution is obtained by extrapolating the intensity
average of satellite reflections of the same kinds to (sin
6/4) = 0. In this way, intensity due to displacements of
atoms in the fundamental NiAs-type structure can be
excluded and that due to vacancy distribution can be
obtained, as in the structure determination of the 6C
type (Koto, Morimoto & Gyobu, 1975).

Magnetic properties

The strong ferrimagnetic property of the 4C type is
interpreted in terms of the ordered structure of the Fe
vacancies with alternate layers Fe Filled (F) and Fe
defective (D) (Bertaut, 1953). Attempts to interpret the
antiferromagnetic property of the intermediate
pyrrhotite were made on the basis of the same concepts
as for the 4C type with models of a completely ordered
structure of Fe vacancies (e.g. Schwarz & Vaughan,
1972). However, X-ray structure analysis of the 6C
type resulted in the disordered structure, which is
interpreted as forming a domain texture. In the domain
model of Koto, Morimoto & Gyobu (1975), there
exists the sequence unit of the five Fe layers, FDFDF,
which is part of the structure of the 4C type. The
sequence unit must show a ferrimagnetic property. As
the 6C type consists of the same number of units with
opposite orientation to the ferrimagnetic domain, there
will be a cancellation of the magnetic moment and anti-
ferromagnetism will result. The same concepts can be
applied for interpretation of the antiferromagnetism of
the intermediate pyrrhotite.

Disorder in an Fe layer at elevated temperatures

With increasing temperature, the value of N de-
creases for the same composition; e.g. a value of 6 at
room temperature for Fe,,S,, decreases continuously
to 3 just below transition temperature to the high-
temperature form of the 1C type (Nakazawa &
Morimoto, 1971). It is reasonable to consider that the
disordered state occurs at elevated temperatures, i.e.
some Fe atoms leave an Fe row parallel to the ¢ axis
and go to one of the other three Fe rows, resulting in
more vacancies in the first Fe row. This indicates that
not only one Fe row but also any of the other three Fe
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rows can have non-zero value; i.e. there is disorder in
an Fe layer parallel to (001).

Conclusions

The diffraction aspect of the incommensurate inter-
mediate pyrrhotite has been explained by a one-
dimensional out-of-step function which occurs at every
quarter of the c¢ period, as in the commensurate
structures of Fe,S; and Fe,,S,,. The satellite reflections
can be principally attributed to the distribution of Fe
vacancies, which is conveniently expanded as a Fourier
series. The relationships between coefficients of the
Fourier series have been obtained.

The authors express their sincere thanks to Professor
J. Kakinoki, Setsunan University, for his helpful
comments and useful discussions, which improved the
manuscript. They also thank Dr M. Tokonami of this
Institute for his critical discussions and Professor N.
Morimoto, Kyoto University, for his interest in this
problem.

APPENDIX

Boundary conditions of the step function
(a) No boundary condition.

(B) @o(n) = Z (02001 — On.2p+ )8

p=0
. 2m+ Dn
if ———— integer,
M

where ¢ is the Kronecker delta function (with p integer).
(C') (Pz(n) = Z (5n,2px2/\7!— 5n,(2p+ l)xZA'_I)

p=0

. @m+ Dn
if ———— integer.
2M

(d) p,(n) = Z (5n,(4p+3)}l7l — 5::,(4p+ 1)

p=0

C@m+ n
if ————— integer.
M
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