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Abstract

The nA superstructure is developed in sulfur-r ich pyrrhoti tes and (Fe,Ni),-,S analogues.
Precession photographs show sl ightly offset 'c 'ref lect ions and weak 001 and 00Treflect ions. In
electron diffraction patterns 'b' and 'd' reflections as well as 'C' reflections are doublets with
relative separation distdnces: Lh6 = )61to = 3 Ah". Direct lattice repeats on the order of 250-
700 A in the (001 ) plane are required to explain the observed separation distances of'c' reflec-
tions. A regular stacking sequence offull and vacancy-containing metal layers may be inferred
from the integral 3C repeat. High resolution transmission electron microscopy is the most
promising technique for the ultimate solution of the nA superstructure problem.

Introduction

The pyrrhotite minerals, Fer_,S, are widespread
and locally abundant in terrestrial, lunar, and mete-
orit ic rocks. Crystallographic studies by numerous
investigators have shown that the pyrrhotite group
consists of several distinct phases, each an ordered
superstructure of the hexagonal (P6"/mmc) NiAs
structure which all pyrrhotites possess at high tem-
peratures (>300'C). Pyrrhotite superstructures are
designated following the convention of Wuensch
(1963) in which dimensions of the supercell, denoted
by lower case letters, are expressed as multiples of the
subcell dimensions, which are denoted by capital let-
ters. Usually the c cell dimension is characteristic of
the superstructure and is the only dimension re-
ported. For example, troil i te, stoichiometric FeS, is
designated 2C because its cell dimensions are a :

1 / 3 A a n d c = 2 C .
Especially enigmatic among pyrrhotite super-

structures is one which closely approximates a 2A,3C
supercell but is nonintegrally related to the subcell
in the a direction. The designation nA was proposed
by  Nakazawa  and  Mor imo to  (1971 :p .  351 )  " t o  i n -
dicate the non-integral character of the a axis."
Our interest in the nA superstructure was prompted
by its discovery in quenched samples of the synthetic
(Fe,Ni) , - ,S monosul f ide sol id  solut ion (mss)  (Francis ,
1974). In this brief contribution, new electron dif-
fraction data are presented and discussed within
the context of a review of the crystallography of
the nA superstructure.

Experimental procedures

The samples used in this study were synthesized
from high purity (99.999Vo) iron, nickel, and sulfur in
evacuated sil ica tubes (see Kullerud, l97l). Crystall i-
zation of single mss crystals up to 0. I m m in diameter
was accomplished by sublimation of powered mss
and subsequent condensation in thermal gradients of
5-14" /cm at temperatures ranging from 850'-950'C.
Prior to quenching, crystals were annealed at 600'C
for at least twenty-four hours to minimize possible
effects due to differences in temperature of crys-
tall ization. Unit-cell parameters were determined
on a Phil ips Norelco diffractometer using mono-
chromatized CuKa radiation and an internal stan-
dard (BaFr,  a :  6 .197 I  A) .  Superst ructure types
were determined by the precession method usingZr-
fi l tered MoKa radiation and by electron diffraction
on an 100 kV Siemens Elmskop I-A transmission
electron microscope. Compositions were determined
on an ARL electron microprobe using synthetic troil-
ite (FeS) and millerite (NiS) as standards.

Results

Experimental conditions and results of all runs in
which the nl superstructure was encountered are
reported in Table l. In the following discussion the
effect of nickel on the development of the nA super-
structure was not considered, although we realized
that the presence of nickel may modify the size and
position of the superstructure's stabil ity f ield in 7-P-
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Discussion

The nA superstructure was discovered almost si-
multaneously by Corlett (1968), Fleet (1968), and
Morimoto and Nakazawa (1968). Corlett investi-
gated a heated Lake Superior pyrrhotite while the
others studied synthetic pyrrhotite. The nA super-
structure has since been observed in quenched natu-
ral crystals from the Broadlands, New Zealand, geo-
thermal f ield as well as in synthetic crystals by Kissin
(te74).

The stability field of the nA superstructure in the
Fe-S system has been determined by Nakazawa and
Morimoto (1971). More recently, Kissin (1974)

adapted a AglAgIlAB,*"S electrochemical cell to a
p r e c e s s i o n  c a m e r a ,  t h e r e b y  p e r m i t t i n g  t h e
measurement, at temperature, of the sulfur activity
and  hence  de te rm ina t i on  o f  t he  py r rho t i t e
c o m p o s i t i o n .  H i s  p h a s e  d i a g r a m  ( F i g .  I  )  i s
considered more reliable and is adopted for the pur-
poses of the present discussion. It is clear from Figure
I that the metal-deficient phases, intermediate
pyrrhotite (nC) and monoclinic pyrrhotite (4C), de-
velop from the nA superstructure. Thus the nA supet-
structure represents one stage in the progressive or-
dering of metal vacancies with decreasing tem-
perature.r

The salient features of the X-ray diffraction record
are shown in a schematic diagram of the ax-c* recip-
rocal lattice plane (Fig. 2). Morimoto and Nakazawa
(1968) recognized three distinct classes of reflections
and named them 'a'-, 'b'-, and 'c'-type reflections. A

1 This being true and by analogy with the alkali feldspars, clari-

fication of the ordering mechanism may result in a structural
explanation for twinning which is universally present in monoclinic
pyrrhot i te (4C).

fourth class has been reported by Fleet (1968) and is

here named the'd'-type reflection. These four classes

of reflections are conveniently described in terms of
indices based on the NiAs reciprocal lattice as fol-

lows:

'a'-type reflections: i, k, /
'b'-type reflections: h + l/2, k, I

h , k + t / 2 , t
'c'-type reflections: h + l/2 + l/2 Ah, k,I + l/3

h , k + t / 2 + t / 2 A h , l + t / 3
h + t / 2 , k + t / 2 , l t r / 3

'd'-type reflections: h, k, I + l/3

The strong 'a'-type reflections are the subcell (NiAs

structure) reflections; the others, all much weaker,

are the superstructure reflections. The 'b'-type reflec-

tions l ie within rows of subcell reflections parallel to

[100]* while 'd'-type reflections l ie within rows of

subcell reflections parallel to [001]*. The 'c'-type re-

flections l ie within the subcell defined by the'a' reflec-

tions. In precession photographs the'c'-type reflec-

tions appear to be slightly offset from their ideal

Bragg positions. Both Fleet (1968) and Morimoto
and Nakazawa (1968) have recognized these reflec-

tions as doublets. One of the pair is strong while the

other is so weak as to escape detection without care-

ful scrutiny. The 'b' and 'd' reflections are much
weaker than 'c' reflections. Neither were reported by

Corlett (1968) and Kissin (1974), nor were they ob-

served in the precession photographs of the present

study.
The separa[ion (Aft) of the 'c' reflections was quan-

titatively investigated by Nakazawa and Morimoto
(1971) who defined the parameter n = 2A*/Aft. They

found that n varied continuously from 90 to 40 with

decreasing temperature. Although Kissin (1974) re-
ported a value of r as high as 105, he found litt le

systematic variation in the value of n.
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The intensity distribution of ,the 'c' reflections
(doublets) in the hUl plane (Fig. 2) is peculiar and
merits emphasis. The more intense of the two spots
occur alternately on either side of the reciprocal lat-
t ice row corresponding to the 2A repeat, and the in-
tensity distribution is repeated by reflection across
each subcell boundary. It should be noted that only
single, intense, centered'c' reflections are observed in
I l0]*[001]* precession photographs because the fi lm
plane is perpendicular to their separation direction.

Selected area electron diffraction patterns (Fig.
3a) of the a*-c* reciprocal lattice plane show the'b'
and 'd' reflections to be doubtlets. The separation
distance of the 'b' reflections is greater than that of
the'd' reflections which in turn is greater than that of
the 'c' reflections. The relative displacements are ap-
proximately'. Lh,o = 2Ah6 = 3A&". The'b' reflections

are much weaker than the'd' reflections (too weak to
survive reproduction) and are shown schematically in
Figure 3b.

Curiously the superstructure reflections occur only
as doublets rather than as extensive rows ofregularly
spaced reflections. The similarity to 'e' and 'f reflec-
tions of plagioclase feldspars has already been noted
by Mor imoto and Nakazawa (1968).

Extinctions of the subcell reflections on precession
photographs superficially resemble those expected for
the NiAs space group (P6t/mmc). Exceptions are 001
and 001, whose presence violates the 6, screw axis
and implies the nonequivalence of adjacent metal
Iayers. Reflections which violate the c-glide are pres-
ent in 200-hour exposures .The nA superstructure was
assigned to the space group P6r22 (or P6n22) (Fleet,
1968;  Mor imoto and Nakazawa, 1968) on the basis
of the apparent extinction condition: 00/ present
when / : 3n. Selected area diffraction patterns (Fig.
3) have 'd' reflections which violate this extinction
condition. The space group assignment is further
complicated by the apparent pseudosymmetry which
was  encoun te red  du r i ng  a  c r ys ta l  s t ruc tu re
refinement of the nA superstructure.

Fleet  (1971) undertook a ref inement  of  th is  phase
on the basis of 167 intensities collected by fi lm meth-
ods. The unit-cell size is dictated by the supercell
reflections, which, ignoring the doublet character of
these reflections, define a 2A,3C cell. Such a cell
consists of three layers of four NiAs subcells stacked
parallel to the c axis and has an ideal composition of
MroS"n.The nA superstructure, however, is developed
only in the metal deficient region of the mss
corresponding approximately to MrrSrn. In Fleet's
model of the structure, the three metal vacancies are
ordered into alternate metal layers. The resulting
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FIc. 2. Diagram of the a*-c* reciprocal lattice plane of the nA
superstructure illustrating the various classes of reflections.
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Frc. 3a. Selected area diffraction pattern of the a*-c* reciprocal

lattice plane of the nA superstructure (mss ll04) showing the 'b'

and 'd' reflections to be doublets

structure has P3' (or P3r) symmetry rather than
P6"22 symmetry. However, during refinement certain
classes of reflections (e.g., hol and tr0l) were ob-
served to have equal intensities where no equivalence
should exist in space group P3t. These equivalencies
were attributed to a two-fold twinning operation
about the c axis, but the evidence for twinning is not
compelling. This apparent pseudosymmetry is more
plausibly explained by true six-fold symmetry about
the c axis as originally proposed and is consistent
with Corlett 's observation that the positions and in-
tensities of'c' reflections in the a*-c* plane are identi-
cal for every sixth turn about c*. For lack ofevidence
to the contrary the nA superstructure is here assigned
to the fully symmetric hexagonal space group
P6/mmm.

The refinement of nA pynhotite appears to be
questionable because the number of intensity data is
small, the proposed model for ordering of metal va-

cancies does not uniquely satisfy the diffraction data,
and the separation of the'c' reflections is neglected.
However, crystal structure analysis is probably not
the best method for determining the detailed nature
of this superstructure because such analysis only pro-
v i d e s  a  s p a c e - t i m e  a v e r a g e  o f  t h e  a t o m i c
arrangement. Direct imaging of pyrrhotites by high
resolution electron microscopy has already provided
new insight into the nature of the nC superstructure
(Pierce and Buseck, 1974; Nakazawa, Morimoto, and
Watanabe, 1974) and wil l l ikely be the key to i l lumi-
nating the nature of the nA superstructure.

Ordering of metal vacancies distinguishes the vari-
ous pyrrhotite superstructures (except troil i te) from
the disordered high-temperature 1C phase (NiAs

structure) and the determination of these ordering
schemes is the essential problem of pyrrhotite crystal
chemistry. The sequence of f i l led and vacancy-con-
taining metal layers stacked along [001] determines
the symmetry and c cell parameters of all metal-
deficient pyrrhotite superstructures, integral or not.
Ordering is best understood in monoclinic pyrrhotite
(4C) which has a composition approximating Fe,S'.
Crystal structure analysis (Tokonami, Nishiguchi,
and MorimoIo, 1972) has shown that the vacancies
are ordered into alternate metal layers as proposed by
Bertaut (1953). Structure images obtained by high
resolution electron microscopy have been interpreted
on the basis of this ordered structure (Nakazawa,

Mor imoto,  and Watanabe,  1975).
Direct imaging of nC pyrrhotite by high resolution

electron microscopy has permitted ordered sequences
of f i l led and vacancy-containing metal layers to be
observed. The non-integral c parameters inferred
from the irrational positions of the superstructure
reflections are attributed to the X-ray averaging of
irregular sequences of anti-phase domains, the do-
mains being ordered sequences offi l led and vacancy-

containing metal layers (Pierce and Buseck, 1974).
The integral 3C repeat of the nl superstructure
shows that the ordering sequence of metal layers is
regular and the presence of the 001 and 001 reflec-
tions requires adjacent metal layers to be non-
equivalent. However, the ordering sequence pro-
posed by Fleet cannot be considered to be established
because that scheme does not uniquely satisfy the
diffraction data.

The separation of superstructure reflections into
doublets signals a second aspect of ordering, which is
unique to the nl superstructure. Morimoto and
Nakazawa (1968) suggested that the separation could
be accounted for by the three orthorhombic crystalsFIc. 3b. Schematic diagram of Figure 3a

a*
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w i th  t he  un l i ke l y  ce l l  d imens ions  o f  a :  A ,  b  :

45f3A, c : 3C twinned about [001]. They also con-
sidered domain development but found no change in
the X-ray patterns after crystals were slowly cooled
from 350o to 250"C in a magnetic f ield of 15,000 gauss.
Our attempts to image domain structure by electron
microscopy were {ruit less. Although the ultimate
cause of the separation of superstructure reflections
remains unexplained, it is clear from the measured
vafues of Ah. (or r) that a repeat on the order of250-
700 A must  ex is t  in  the (001)  p lane.

Summary

l. The zl superstructure is readily recognized in pre-
cession photographs by slight offset of the 'c'-type

reflections from the ideal Bragg position and the
presence of weak 001 and 001 reflections.

2. The absence of systematic extinctions suggests
that nA pyrrhotite crystallizes in space group
P6/mmm rather than P6"22 as previously pro-
posed.

3.  New electron d i f f ract ion data show that 'b 'and'd '
reflections as well as 'c' reflections are doublets
with separation distances Aft5 = 2Ah6 = J6l,x..

4. A regular stacking sequence of full and vacancy-
containing metal layers with non-equivalent adja-
cent layers may be inferred from the integral 3C
repeat.

5. A direct lattice repeat of 250 to 700 A in ttre lOOt;
plane is required to explain the observed separa-
tion distances of the 'c' reflections.

6. High resolution transmission electron microscopy
probably represents the most promising technique
for future research into the nl superstructure
problem.

Note added in proof

A paper by J. M. Parker (1972) entit led "The do-
main structure of nepheline" (2. Kristaltogr. 136,
255-272) has just come to our attention. It bears
directly on the nA pyrrhotite problem. Nepheline
and other compounds exhibit paired, non-Bragg
reflections analogous to those described above. To
account for them, Parker proposed a domain model
in  which "domain boundar ies a ie not  p lanar  but
fluctuate with quite large amplitude about a well-

defined mean position." We believe a similar model
could profitably be applied to nl pyrrhotite.
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