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The relationship between structural and magnetic properties in stoichiometric pyrrhotite Fe7S8 has been
investigated using variable-temperature neutron-diffraction data. Below its magnetic ordering temperature,
TN=598s5d K, Fe7S8 exhibits a monoclinic 4C structure, related to that of NiAs, in which fully occupied cation
layers alternate with cation-deficient layers. The magnetic structure consists of ferromagnetically aligned
layers, with antiferromagnetic coupling of adjacent layers. The ordered moment of 3.16s1dmB at 11 K is
directed at an angle of 29° to the layers. The magnetic transition is accompanied by a structural transformation
from the monoclinic 4C structure to a hexagonal cation-deficient NiAs structure, in which the vacancies are
statistically distributed between all layers. Although the 4C structure is recovered on cooling through the
magnetic transition, the resultant phase exhibits a significant degree of intralayer cation disorder.
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I. INTRODUCTION

The structures of many binary and ternary transition-
metal sulphides are derived from the metal dichalcogenide
unit of edge-sharing octahedra. Occupation by cations of a
fraction of the octahedral sites between successive pairs of
dichalcogenide units generates phases of general formula
AxMS2, in which defective and fully occupied layers of cat-
ions alternate with anion layers, SMSAxSMS. Ordering of
vacancies within the defective layer produces a two-
dimensional superstructure, the nature of which depends on
the vacancy concentration. For example, in the series
VxCrS2 s0.30øxø0.93d five structurally distinct ternary
phases have been identified,1 some of which exist over ex-
tended ranges of composition. Moreover, the extent of va-
cancy ordering is dependent on preparative conditions, as the
high temperatures used in synthesis may lead to order-
disorder transitions, involving either or both intralayer or in-
terlayer disordering of vacancies.2–6.

Chalcogenides of the later transition series elements gen-
erally show a more limited range of ordered-defect phases
than their counterparts from the beginning of the series.
However, in the Fe-S system there is considerable structural
complexity for compositions aroundx=3/4, much of which
is poorly understood.7 The stoichiometric phase Fe7S8 (pyr-
rhotite) adopts a monoclinic structure in which vacancies are
confined to every other site in alternate rows of sites within
the vacancy layer. The vacancy layers are stacked in an
ABCD sequence, quadrupling the unit cell along the stacking
direction and leading to its designation as a 4C structure. The
phase range of pyrrhotite extends to materials FexS, in the
range 0.875øxø0.95. Although the two-dimensional super-
structure and ABCD stacking of defect layers persists for
iron contents greater thanx=0.875, the strict alternation of
full and defective layers is removed and a variety of higher-
order c-axis repeat distances have been identified for iron
rich phases.8

The magnetic behavior of monoclinic pyrrhotite has been
attributed9 to ferromagnetic alignment of cations within lay-

ers and antiferromagnetic coupling between adjacent layers.
The presence of vacancies in alternate layers results in an
uncompensated moment, leading to ferrimagnetism. For
FexS compositions in the range 0.87øxø0.88, the tempera-
ture dependence of the magnetization exhibits typical Weiss-
type behavior.10,11 Pyrrhotites with higher iron contents are
characterized by more complex magnetic behavior that de-
pends markedly on composition. Phases withxù0.92 exhibit
antiferromagnetism with further phase transitions occurring
at lower temperatures, while in the range 0.89øxø0.92, al
transition is observed10 in which the magnetization under-
goes a sharp rise and subsequent decay on cooling through
the relatively narrow temperature range 523–473 K.

Li et al.have investigated a series of natural and synthetic
pyrrhotites using a combination of transmission electron
microscopy12 high-temperature x-ray diffraction, thermo-
magnetic measurements, and differential thermal analysis
(DTA).10 For the stoichiometric phase, DTA reveals an un-
usually large enthalpy change at 583 K and a second weaker
feature at ca. 493 K. On the basis of electron diffraction, it
was suggested that the feature at 583 K arises from a struc-
tural change at the magnetic transition, involving disordering
of vacancies in the defect layer only, to yield a CdI2-type
structure, while the lower-temperature feature results from a
change in stacking sequence from a disordered 4C-type to a
disordered 3C-type. However, the monoclinic distortion
characteristic of the 4C structure was not discernible in pow-
der x-ray diffraction data for the bulk synthetic sample used
in these studies, owing to the presence of stacking faults.11

These conclusions concerning the sequence of phase tran-
sitions in stoichiometric pyrrhotite were arrived at on the
basis of structural and magnetic properties that were investi-
gated independently. In the present work we have exploited
the ability of neutron diffraction to probe both structure and
magnetism simultaneously. Powder neutron-diffraction data,
collected over a wide range of temperatures, provide con-
vincing evidence that in contrast to earlier reports, the 4C
structure persists to the magnetic ordering transition and that
loss of long-range magnetic order is accompanied by a major
structural reorganization, involving vacancy disordering.
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II. EXPERIMENTAL

A mixture of iron and sulphur(both Aldrich 99.9%) pow-
ders corresponding to the stoichiometry Fe7S8 was ground in
an agate mortar prior to sealing into an evacuated
s,10−4 Torrd silica tube. The mixture was heated at 500°C
for 24 h, 800°C for 48 h, cooled to 250°C at 0.5°C min−1,
and held at this temperature for 24 h prior to removal from
the furnace. Following regrinding, the material was sealed
into a second silica tube and refired at 800°C for 72 h,
cooled to 250°C at 0.1°C min−1, held at this temperature for
24 h before cooling at 0.1°C min−1 to 125°C, at which tem-
perature the sample was removed from the furnace. The na-
ture of the product is critically dependent on the synthesis
conditions: both intermediate regrinding and long cooling
times were found to be essential for the production of well-
ordered phases. Powder x-ray diffraction data for the product
were collected with a Philips PA2000 diffractometer using
nickel-filtered Cu-Ka radiation sl=1.5418 Åd. Data were
collected in step-scan mode using a step size of 0.02°s2ud
and a counting time of 10 s step−1. Magnetization data were
collected with a Faraday balance over the temperature range
275øTsKdø650, using ca. 40 mg of sample sealed into a
silica capsule under a pressure of 500 mTorr of dry N2. Data
were collected in a measuring field of 100 G both on heating
and on cooling at 2 K min−1.

Time-of-flight powder neutron-diffraction data were col-
lected at ISIS, Rutherford Appleton Laboratory. The Fe7S8
product was divided into two portions of ca. 1.5 g, each con-
tained in an evacuated and sealed high-purity boron-free
silica ampoule. The ampoule was contained in a thin-walled
vanadium can held in a furnace evacuated to a pressure
,10−4 Torr for the collection, using the GEM
diffractometer,13 of neutron-diffraction data both on heating
and cooling over the temperature range 298øTsKdø773.
The second sample was used for the collection of additional
long wavelength data at higher resolution on the Osiris
spectrometer14 operating in its powder-diffraction mode. Us-
ing a closed-cycle refrigerator(CCR), data were collected on
heating, over the temperature range 11øTsKdø413. Data
collected for an empty silica tube contained in a vanadium
can mounted in either the furnace or CCR were used to pro-
vide a background, which was subtracted from the experi-
mental data prior to structural refinement. Initial data ma-
nipulation and reduction was carried out using Genie15

spectrum manipulation software. Neutron-diffraction data
from four of the GEM detector banks were summed, normal-
ized, and used simultaneously in Rietveld refinement. Data
obtained at 11 K and 298 K using Osiris were collected in
five time windows, which were then combined to produce
diffraction patterns spanning the range 0.5ødsÅdø7.0, suit-
able for input into Rietveld refinement. Data at all other tem-
peratures were collected over the more restricted range 2.7
ødsÅdø6.0 in order to follow unit-cell parameters and
magnetic scattering. All Rietveld refinements were per-
formed using the GSAS package16 and representational
analysis17 to determine symmetry allowed magnetic struc-
tures was carried out using the programSARAh.18

III. RESULTS

Powder x-ray diffraction data could be indexed on the
basis of a monoclinic unit cell with unit cell parameters re-

lated to those of the primitive NiAs unit cell bya=2Î3ap;
b=2ap; c=4cp. This unit cell appears to be consistent with
the 4C structure originally proposed by Bertaut19 and subse-
quently confirmed by the crystal structure determination of
Tokonamiet al.20 Both of these earlier reports describe the
structure in the unconventional space groupF2/d. This is
related to the more conventionalC2/c unit cell which has
been used in the present work, through the matrix

11 0 0

0 1 0

1 0 2
2 .

The atomic coordinates inC2/c are displaced by(−0.25,
0.75, 0) relative to those ofF2/d. The relationship between
the two unit cells is illustrated in Fig. 1. The structure of
Tokonami et al.20 described inC2/c was refined against
room-temperature powder x-ray diffraction data, yielding re-
fined lattice parameters ofa=11.897s2d, b=6.8586s9d, c
=12.891s1dÅ and b=118.036s6d°. The refined structure was
used as a trial model for analysis of the data collected at
11 K on Osiris. Refinement of the scale factor, background,
and lattice parameters, together with an overall thermal pa-
rameter, demonstrated that with the exception of a small
number of weak features attributable to an FeS2 impurity
phase(ca. 5 wt %), all reflections may be indexed on a

FIG. 1. The ordered-defect structure of 4C pyrrhotite. Cations in
the ordered-defect layer are shown as solid circles and cations in the
fully occupied layer lie at the center of shadedMS6 octahedra,
which share edges to form a layer of stoichiometryMS2. The
dashed lines indicate the unit cell described in the space groupF2/d
illustrating the four-layer repeat along thec direction. The solid
lines outline theC2/c unit cell used in the present work.
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monoclinic unit cell, with lattice parameters similar to those
determined at room temperature. However, several signifi-
cant discrepancies between observed and calculated intensi-
ties are evident at longd spacings. In particular, the most
intense reflection at 5.689 Å, although being crystallographi-
cally allowed[indexable as(001) on the basis of the primi-
tive NiAs unit cell] has no significant calculated nuclear con-
tribution. There is a similar mismatch between observed and
calculated intensity for the multiplet at ca. 2.62 Å. The ad-
ditional intensity associated with these features is magnetic
in origin. Furthermore, the superposition of nuclear and mag-
netic reflections suggests that the magnetic structure has a
propagation vectork =0,0,0.

As will be shown below, the magnetic and concomitant
structural transitions are first order and hence Landau theory
is inapplicable. The removal of the restriction of magnetic
ordering to a single symmetry mode that this implies, re-
quires that contributions from secondary modes must be con-
sidered. Following the procedure of Bertaut,21 we have car-
ried out the symmetry analysis within the reference
framework of the distorted nuclear structure of the magneti-
cally ordered phase. Having obtained the irreducible repre-
sentation, the symmetry-allowed single mode representations
are screened against the experimental data and then addi-
tional contributions from secondary modes are considered.
Details of the representational analysis to determine the
symmetry-allowed magnetic structures are provided in the
Appendix. The magnetic representation associated with an
8sfd site fFes1d–Fes3dg may be reduced to

Gmagf8sfdg = 3G1 + 3G2 + 3G3 + 3G4,

while that of a 4sed site fFes4dg is

Gmagf4sedg = G1 + G2 + 2G3 + 2G4.

The one-dimensional irreducible representationsGisi
=1–4d and the basis vectors spanned by each are defined in
the tables in the Appendix. OnlyG1 andG3 permit the exclu-
sively ferromagnetic intralayer coupling(Fy of G1 andFx and
Fz of G3), previously proposed for the magnetic structure of
Fe7S8. This suggests that the magnetic structure belongs to
one of two possible magnetic representations(G1 or G3). Fur-
thermore, interlayer antiferromagnetic exchange requires the
four magnetic sublattices,mi si =1,4d, where the subscript
refers to the relevant cation site, to be coupled according to:

m1 − m2 + m3 − m4.

These conclusions were verified by applying a reverse
Monte Carlo procedure to the screening of symmetry-
allowed magnetic structures,18 considering each of the basis
vectors in turn. Subsequent least-squares refinement indi-
cated thatG3sFxd offered the best agreement with observed
data and all subsequent refinement of the magnetic structure
was based on this solution. Since the first-order crystallo-
graphic transition introduces odd terms into the exchange
Hamiltonian, allowing admixture of other modes that span
the same representation,(Gy and Fz in the present case), a
trial magnetic structure was constructed in which there is
intralayer ferromagnetic alignment of themx and mz

magnetic-vector components and antiferromagnetic align-
ment of themy components. The magnetic structure was de-
scribed in the primitive space groupP1 and the free-ion form
factor22 for Fe2+ was used to describe the wavelength depen-
dence of the magnetic scattering. With the exception of
Fes4d, whosemy magnetic-vector component in this repre-
sentation is zero, all three magnetic vector components asso-
ciated with each of the crystallographically distinct cations
were initially set to nonzero values. The magnetic moments
at each of the cation sites were constrained to be equal. Dur-
ing the early cycles of refinement, themy component of the
moments refined to a value close to zero, the value at which
it was subsequently fixed. The peak shape was modeled us-
ing a convolution of an Ikeda-Carpenter and a pseudo-Voigt
function with the coefficients included as refinable param-
eters. Again an overall thermal parameter was used and a
wavelength dependent absorption correction was included in
the final cycles of refinement which involved 48 variables
and resulted in the final observed, calculated and difference
profiles of Fig. 2. The refined parameters appear in Table I
while the magnetic structure at 11 K is shown in Fig. 3.

Data in the range 2.7ødsÅdø6.0 collected on Osiris
were used to follow the evolution of the magnetic structure
with temperature between 11 K and 413 K. The strong mag-
netic reflection at ca. 5.7 Å exhibits a smooth decrease in
intensity with increasing temperature to 413 K(Fig. 4) with
no evidence of the spin reorientation transition that has been
reported for the analogous selenide.23,24

The structural parameters determined at 11 K were used
for the trial nuclear and magnetic structures for the analysis
of the data collected at 298 K using GEM. The refinement
procedure was similar to that applied to the analysis of the
Osiris data, with the exception of the simultaneous use of
data from four detector banks in Rietveld refinement. The
refined magnetic structure is similar to that determined at

FIG. 2. Final observed(crosses), calculated(full line), and dif-
ference(lower full line) neutron profiles for Fe7S8 collected on the
Osiris diffractometer at 11 K. Reflection positions are marked: the
lower markers refer to the crystallographic unit cell, the middle
markers the magnetic unit cell described in the primitive space
groupP1, and the upper markers to the FeS2 impurity phase.

STRUCTURE AND MAGNETISM IN SYNTHETIC… PHYSICAL REVIEW B 70, 014415(2004)

014415-3



low temperature, with a slightly reduced ordered moment of
m=2.993s5dmB and confirms that no significant spin reorien-
tation takes place in the temperature range 11øTsKdø298.
Refined parameters are presented in Table I and final ob-
served, calculated and difference profiles in Fig. 5. Selected
distances and angles are given in Table II.

Powder neutron-diffraction data from the low angles2u
=17°d GEM detector bank, collected at temperatures in the
range 298øTsKdø773 are plotted in Fig. 6(a), in which the
evolution of the magnetic peaks with temperature may be
clearly observed. The magnetic ordering temperature was es-
tablished by plotting the intensity of the strongs001dNiAs

TABLE I. Refined parameters for Fe7S8 determined from data
collected at 11 K on Osiris and at 298 K on GEM(space group
C2/c). Parentheses and square brackets denote cation sites in the
vacancy and fully occupied layers, respectively. All atoms on
8sfd : sx,y,zd except for(Fe(4)) on 4sed s0,y,1 /4d.

Temperature

11 K 298 K

asÅd 11.8656(4) 11.9258(2)

bsÅd 6.8482(2) 6.8822(1)

csÅd 12.8958(3) 12.9245(2)

bs°d 118.075(2) 118.015(1)

BsÅ2d 0.94(4) 0.73(1)

Moment/mB 3.16(1) 2.993(5)

[Fe(1)] x 0.1268(5) 0.1260(2)

y 0.103(1) 0.0981(4)

z 0.9902(4) 0.9908(1)

mx 2.75(1) 2.979(5)

my 0 0

mz −1.54s2d −0.29s3d
(Fe(2)) x 0.2560(6) 0.2560(2)

y 0.119(2) 0.1266(6)

z 0.2469(4) 0.2462(2)

mx −2.75s1d −2.979s5d
my 0 0

mZ 1.54(2) 0.29(3)

[Fe(3)] x 0.3610(4) 0.3594(2)

y 0.144(1) 0.1401(5)

z 0.5047(4) 0.5000(2)

mx 2.75(1) 2.979(5)

my 0 0

mZ −1.54s2d −0.29s3d
(Fe(4)) y 0.378(2) 0.3931(5)

mx −2.75s1d −2.979s5d
my 0 0

mZ 1.54(2) 0.29(3)

S(5) x 0.905(2) 0.8957(8)

y 0.125(7) 0.1228(2)

z 0.884(1) 0.8755(7)

S(6) x 0.349(2) 0.3531(8)

y 0.126(6) 0.1251(2)

z 0.114(1) 0.1234(6)

S(7) x 0.854(1) 0.8601(7)

y 0.126(6) 0.1254(1)

z 0.139(1) 0.1378(5)

S(8) x 0.601(2) 0.6024(9)

y 0.131(7) 0.1241(2)

z 0.619(1) 0.6206(7)

Rwp s%d 7.0 5.1sBank 5:2u=154°d
5.6 sBank 4:2u=91°d
5.0 sBank 3:2u=63°d
6.4 sBank 2:2u=17°d

FIG. 3. A representation of the magnetic structure of Fe7S8 at
11 K. Sulfide ions are omitted for clarity. Solid arrows represent
moments in the fully occupied layer and open arrows represent
moments in the ordered-defect layer. The crystallographic and mag-
netic unit cells are coincident and are outlined.

FIG. 4. The relative intensity of thes001dNiAs magnetic reflec-
tion as a function of temperature. Intensity data obtained with the
GEM (solid points) and Osiris(open points) diffractometers are
normalized to the measured intensity at 273 K. Error bars for GEM
data are within the points; the larger error bars associated with the
Osiris data reflect the poorer statistics obtained with short data col-
lection times on this instrument.
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magnetic reflection atd<5.7 Å as a function of temperature
(Fig. 4), leading to an estimate ofTN=598s5d K, in excellent
agreement with that determined from the magnetization mea-
surements, which show a marked increase on cooling below
600 K (Fig. 7). The magnetic intensity shows only a small
degree of hysteresis. Examination of data from the high-
resolution backscatterings2u=154.4°d bank[Fig. 6(b)] dem-
onstrates that on heating, the monoclinic distortion, as evi-
denced by splitting of the(102) reflection, indexed on the
primitive NiAs unit cell, in the range 2.0ødsÅdø2.12 is
progressively removed, disappearing in the region of the
magnetic ordering temperature. Detailed investigation of the
evolution of nuclear and magnetic structures was undertaken
by performing sequential Rietveld refinement on data from
the four GEM detector banks over the entire temperature
range studied. Diffraction patterns at temperatures up to
583 K were well fitted by the monoclinic 4C nuclear and
magnetic structure determined at lower temperatures. At
593 K, refinement with a fully ordered 4C structure was un-
stable until partial occupancy of iron at the normally vacant
4sed s0,y,1 /4d site in the ordered-defect layer was intro-

duced. The occupancy of this site was refined with the con-
straint that the number of cations in the defect layer re-
mained constant. At 593 K, this site is ca. 38% occupied,
indicative of a relatively high degree of intralayer cation dis-
order as the structural transition is approached. Magnetic
scattering is absent from the diffraction pattern collected at
603 K and the data cannot be accounted for using a mono-
clinic structure. A hexagonal cation-deficient NiAs structure
was fitted to patterns collected above 603 K. Final observed,
calculated and difference profiles at 773 K, the highest tem-
perature at which data were collected, are shown in Fig. 8,
while refined parameters are presented in Table III. Signifi-
cant bond distances and angles appear in Table IV.

The same cation-deficient structure was refined to the data
collected on cooling. Although the monoclinic distortion re-
appears on cooling through the structural transition, refine-
ments on the basis of a completely ordered 4C structure are
of poorer qualitysx2<7d than those obtained using data col-
lected on heating. This feature persists to the lowest tempera-
ture at which data were collected. The introduction of intra-
layer disorder produced a significant improvement in the
quality of the refinementsx2<4d for all patterns collected at

FIG. 5. Final observed(crosses), calculated(full line) and difference(lower full line) neutron profiles for each of the four GEM detector
banks for refinements carried out using data collected at 298 K. Reflection positions are marked: the lower markers refer to the crystallo-
graphic unit cell, the middle markers to the magnetic unit cell described in the primitive space groupP1 and the upper markers to the FeS2

impurity phase.
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lower temperatures, on cooling. At 573 K the occupancy of
the 4sed site is ca. 34% and remains as high as 25% down to
the lowest temperature studied.

There are marked anomalies in all unit-cell parameters on
passing through the magnetic and structural transition(Fig.
9). No such anomalies or thermal hysteresis were observed in
the cubic lattice parameter of the pyrites impurity phase, in-
dicating that the sample was thermally equilibrated at each
temperature. Thea and b parameters of Fe7S8 show a dis-
continuity at ca. 600 K, characteristic of a first-order transi-
tion while c and b exhibit a more complicated thermal his-
tory dependence. Calculation of the thermal expansion tensor
and its temperature dependence shows that whilst theb axis
exhibits normal Grüneisen behavior, the maximum and mini-
mum principal axes in(010) show maxima at,220 K and
,290 K, respectively, before reducing in magnitude towards

TABLE II. Bond distancessÅd and angless°d for Fe7S8 deter-
mined from data collected on GEM at 298 K.

Bond

Fes1d-Ss5d 2.439(9)

2.405(10)

Fes1d-Ss6d 2.438(8)

2.492(10)

Fes1d-Ss7d 2.327(9)

Fes1d-Ss8d 2.645(10)

Mean Fes1d-S 2.46

Fes2d-Ss5d 2.454(11)

2.435(11)

Fes2d-Ss6d 2.364(9)

Fes2d-Ss7d 2.473(8)

Fes2d-Ss8d 2.461(10)

2.478(11)

Mean Fes2d-S 2.44

Fes3d-Ss5d 2.496(10)

Fes3d-Ss6d 2.448(10)

Fes3d-Ss7d 2.378(7)

2.400(9)

Fes3d-Ss8d 2.569(9)

2.571(9)

Mean Fes3d-S 2.48

Fes4d-Ss6d 2.367s10d32

Fes4d-Ss7d 2.452s9d32

Fes4d-Ss8d 2.494s9d32

Mean Fes4d-S 2.44

Fes1d-Fes2d 2.921(3)

Fes1d-Fes3d 3.183(3)

3.156(3)

Fes2d-Fes3d 2.914(3)

Fes3d-Fes3d 3.016(4)

Fes3d-Fes4d 2.866(2)

Angle

Ss5d-Fes1d-Ss5d 90.7(3)

Ss5d-Fes1d-Ss6d 89.0(3)

90.1(3)

Ss5d-Fes1d-Ss7d 92.7(3)

99.4(4)

Ss5d-Fes1d-Ss8d 85.0(3)

85.5(3)

Ss6d-Fes1d-Ss6d 88.3(3)

Ss6d-Fes1d-Ss7d 97.2(3)

91.3(3)

TABLE II. (Continued.)

Ss6d-Fes1d-Ss8d 85.0(3)

83.9(3)

Ss5d-Fes2d-Ss6d 90.7(3)

94.1(3)

Ss5d-Fes2d-Ss7d 86.1(3)

89.1(3)

Ss5d-Fes2d-Ss8d 90.9s4d32

88.2(3)

89.6(3)

Ss6d-Fes2d-Ss8d 94.3(3)

90.4(3)

Ss7d-Fes2d-Ss8d 88.3(3)

87.0(3)

Ss5d-Fes3d-Ss7d 90.5(3)

95.6(3)

Ss5d-Fes3d-Ss8d 86.0(3)

86.4(3)

Ss6d-Fes3d-Ss7d 95.5(3)

90.5(3)

Ss6d-Fes3d-Ss8d 86.8(3)

86.4(3)

Ss7d-Fes3d-Ss7d 101.7(4)

Ss7d-Fes3d-Ss8d 87.8(3)

88.2(3)

Ss8d-Fes3d-Ss8d 82.4(3)

Ss6d-Fes4d-Ss6d 95.2(5)

Ss6d-Fes4d-Ss7d 91.2s2d32

Ss6d-Fes4d-Ss8d 93.4s3d32

90.3s3d32

Ss7d-Fes4d-Ss7d 82.5(4)

Ss7d-Fes4d-Ss8d 87.1s3d32

88.8s3d32
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the Curie temperature. The change in orientation of the ther-
mal expansion tensor as a function of temperature mirrors
the variation in moment orientation, with the two directions
being separated by only 10° at 298 K. Magnetostrictive ef-
fects thus clearly dominate the temperature dependence of
the unit-cell parameters within the ferrimagnetic phase.
Comparison(Fig. 9) of the temperature dependence of the
ordered momentm and the angleb clearly shows that the
loss of long-range magnetic order is coincident with the re-
moval of the monoclinic distortion.

IV. DISCUSSION

At Tø593 K, Fe7S8 adopts a monoclinic structure, in
which cation-deficient and fully occupied layers alternate.
The former are stacked in an ABCD sequence in a direction
perpendicular to the cation layers, giving rise to the designa-
tion as a 4C structure. The ideal dichalcogenide block has
hexagonal symmetry, which would give each cation six equi-

distant cation neighbors within the layer. Rietveld refinement
using data collected at 298 K reveals a marked distortion of
the fully occupied layer in Fe7S8, with both longs.3.8 Åd
and short s,3.0 Åd intralayer Fe-Fe distances being ob-
served. An empirical estimate25 of the critical distanceRC for
direct t2g-t2g orbital overlap is ca. 3.4 Å for Fe(II ) in a sul-
phide matrix. This suggests that within the fully occupied
layer there are distortedfrsFe1-Fe3d / rsFe3-Fe3d.1g dia-
mondlike clusters(Fig. 10), in which cation-cation separa-
tions are significantly shorter thanRC, suggesting a moderate
degree of cation-cation interaction, while a shortest interclus-
ter distance of 3.404s5dÅ (at room temperature) indicates
considerably weaker interactions between individual clus-
ters. Clustering of cations within the dichalcogenide block
has been observed in a range of ordered-defect sulphides.
Diamond, zigzag, and triangular clustering schemes have
been described26–28 and Canadellet al.29 have shown that
there is a relationship between the nature of the distortion
and the electrical transport properties of materials containing
MS2 units. The isolated nature of the diamond clusters ob-
served here is consistent with the semiconducting behavior
of Fe7S8. At elevated temperatures, interlayer disordering of
cations leads to a transition to a cation-deficient NiAs struc-
ture. The transition temperature is determined as 598s5d K,
from the temperature dependence of the monoclinic angleb,
and the marked anomalies in the lattice parameters. Although
all intracluster distances increase due to thermal expansion,
the cluster remains distorted to 583 K, above which tempera-
ture, the distances increase rapidly, attaining identical values
at the structural transition to the NiAs phase[Fig. 11(a)].
Examination of the interlayer cation-cation distances as a
function of temperature[Fig. 11(b)] indicates that the marked
nonplanarity of the cation layers in the monoclinic phase
disappears on transformation to the NiAs structure.

On the basis of x-ray diffraction and DTA measurements
the following sequence of phase transitions with increasing
temperature has been proposed12 for monoclinic Fe7S8

FIG. 6. Powder neutron-diffraction data from(a) the low-angle GEM detector bank over the temperature range 298øTsKdø773,
illustrating the collapse of the magnetic intensity associated with thes001dNiAs reflection atTù603 K and(b) the backscattering GEM
detector bank showing the concomitant removal of the monoclinic distortion, as evidenced by disappearance of the splitting of thes102dNiAs

crystallographic reflection.

FIG. 7. Magnetization data for Fe7S8 collected on heating(open
points) and cooling(solid points) in a measuring field of 100 G.
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monoclinics4Cd → trigonals3Cd

→ CdI2-type sintralayer disorderd,

while at higher temperatures, formation of a NiAs-type phase
through interlayer disorder has been reported.11 Analysis of
neutron-diffraction data presented here suggests that partial
intralayer disordering of cations occurs at temperatures be-
low that of the 4C→NiAs transition, although this remains

incomplete and the absence ofs00,d reflections with,=2n
+1 indicates the absence of an intermediate CdI2-like phase.

While CdI2-type intermediates have been identified in
analogous ordered-defect materials such as V3S4 and
Fe1.8V1.2S3.93, it has been shown that the transition tempera-
ture,Tc, for the CdI2 to the NiAs phase change for a system
M1−dX is dependent both on composition, with the stability
of the CdI2-type phase decreasing with decreasing defect
concentration, and on the ratio of the interlayers«vv8 d to in-
tralayers«vv9 d vacancy-vacancy interaction energies. The ab-
sence of a CdI2-type phase for Fe7S8 implies «vv8 <3«vv9 , as

FIG. 8. Final observed(crosses), calculated(full line), and difference(lower full line) neutron profiles for each of the four GEM detector
banks for refinements carried out using data collected at 773 K. Reflection positions are marked: the lower markers refer to Fe7S8 and the
upper markers the FeS2 impurity phase.

TABLE III. Refined parameters for Fe7S8 (space group
P63/mmc) determined from data collected on GEM at 773 K[Fe on
2(a) s0,0,0d ;S on 2(d) s1/3,2/3,3/4d].

asÅd 3.51647(2)

csÅd 5.71422(6)

Fe SOF 0.88(2)

BsÅ2d 3.79(2)

S BsÅ2d 2.35(3)

Rwp s%d 4.1 sBank 5:2u=154°d
5.6 sBank 4:2u=91°d
5.0 sBank 3:2u=63°d
6.4 sBank 2:2u=17°d

TABLE IV. Bond distancessÅd and angless°d for Fe7S8

determined from data collected on GEM at 773 K.

Bond

Fe-S 2.48247s1d36

Fe-Fe 3.51647s2d36

2.85711s3d32

Angle

S-Fe-S 90.187s0d36

89.813s0d36

POWELL, VAQUEIRO, KNIGHT, CHAPON, AND SÁNCHEZ PHYSICAL REVIEW B70, 014415(2004)

014415-8



appears to be the case in the ordered-defect phase
NiCr2S4.

6,30

The neutron diffraction pattern of a phase with the 3C
structure differs sufficiently from that of a material with the
4C structure that any change in stacking sequence would be
immediately apparent. No such change was observed and
contrary to the conclusions of Liet al.,10 our data clearly
demonstrate that the 4C structure transforms directly to a
defective NiAs structure with a simultaneous loss of long-
range magnetic order. This difference may be associated with

the nature of the experimental procedures. All of the struc-
tural and thermal measurements of Liet al.10 were made on
samples contained either in vacuum or in flowing gas. Under
such conditions, mixed-metal sulphides commonly evolve
sulphur at elevated temperatures, leading to a change in sto-
ichiometry which may have a marked influence on the phase
behavior. Indeed, at temperatures in excess of 823 K marked
changes in the magnetic properties of Fe7S8 were reported,
while we have observed30 that loss of sulphur from NiCr2S4
at high temperatures renders the order-disorder transition ir-

FIG. 9. The temperature dependence of the unit-cell parameters(a) a andb, (b) b, and(c) c. To aid comparison, lattice parameters for
the monoclinic Fe7S8 are referred to the hexagonal NiAs unit cellsam<2Î3ah,bm<2bh, andcm<4chd. The temperature variation of the
ordered moment is included in(b) in order to demonstrate the coincidence of the magnetic and structural transitions. Open points derive from
data collected on Osiris while solid points are from the data collected on GEM. Solid lines are a guide to the eye, while the dashed vertical
line indicates the magnetic ordering temperature determined from the magnetization data. In some instances, error bars lie within the points.
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reversible but reversibility is retained when the sample is
contained in an evacuated sealed silica tube, as used in the
present work. Furthermore the properties of synthetic pyr-
rhotite are sensitively dependent on the degree of cation or-
dering. The sample of Fe7S8 synthesized in this work, pro-
duced a powder-diffraction pattern that prior to heating,
exhibited no sign of the stacking faults reported by Liet al.10

(the monoclinic splitting was clearly visible) or of any sig-
nificant intralayer disorder.

The refined magnetic structure(Fig. 3) comprises sheets
parallel to the(001) crystallographic plane of ferromagneti-
cally aligned moments with antiferromagnetic coupling be-
tween neighboring sheets along the[001] direction. The
magnetic moments lie in the(010) plane and are directed at
an angle of ca. 6° to the plane of the iron atoms that com-
prise the fully occupied and cation-deficient layers. On cool-
ing below room temperature, themz component of the mag-
netic moment increases, and at 11 K the moments are
directed at an angle of ca. 29° to the iron layers. The analo-
gous selenide shows a more marked spin reorientation below
ambient temperature.24 Examination of the temperature de-
pendence of the integrated intensity of thes001dNiAs reflec-
tion of Fe7S8 indicates that on cooling below 220 K, the
moment slowly rotates out of the(001) crystallographic
plane, reaching an angle of ca. 70° to this plane at the lowest
temperature studied.

In the magnetic structure determined here, an identical
magnetic moment is associated with each of the four crystal-
lographically distinct iron sites. Bertaut19 formulated Fe7S8
as an ionic speciessFe2

3+Fe5
2+S8d and determined the elec-

trostatic stabilization energy for different distributions of
Fe3+ over the two types of layer. The energetically most fa-
vorable configuration is that in which Fe3+ occupies sites in
both vacancy and fully occupied layers. However, this ar-
rangement does not produce agreement with the observed
saturation magnetization of 2.03mB per formula unit, assum-

ing spin-only behavior for the Fe2+ and Fe3+ moments. In-
deed, the best agreement corresponds to a configuration
sFe2

3+Fe2+dfFe4
2+gS8 in which Fe3+ ions are confined to the

vacancy layers. Kawaminami and Okazaki in a study of the
analogous selenide24 suggest that the agreement with the
magnetization data may be fortuitous and a saturation value
of 2mB per formula unit can be accounted for by a model in
which all moments are equivalent and which for Fe7Se8 also
gives better agreement with neutron-diffraction data than
does the ionic model. This is consistent with the results ob-
tained here for Fe7S8 and suggests that the electron transfer
is sufficiently rapid that individual valence states cannot be
distinguished. This is supported by Mössbauer
experiments31,32 that show no indication of Fe3+ even at
4.2 K, suggesting that the material is better formulated as
Fe7

2.29+S8, which would lead to an ordered moment of
4.29mB per cation(or 4.23mB when nonstoichiometry arising
from the FeS2 impurity is taken into account). The ordered
moment of 3.16s1dmB determined here represents a reduction
to ca. 74% of the spin-only value. Such a reduction is com-
parable with that observed in related materials33–35 and may
be attributed to the transfer of spin from the cation owing to
the covalency of the Fe-S interactions.
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FIG. 11. The temperature variation over the range 298øTsKd
ø773 of (a) the intracluster Fe-Fe distances within the fully occu-
pied layer of Fe7S8 and (b) the interlayer Fe-Fe distances over the
same range of temperature. For the high-temperature phase, error
bars are within the points.

FIG. 10. View along[001] of the arrangement of cations in the
fully occupied layer of Fe7S8 determined from powder neutron dif-
fraction at 11 K. Solid lines indicate short Fe-Fe distances at the
distances marked, illustrating the diamond-type clusters referred to
in the text.

POWELL, VAQUEIRO, KNIGHT, CHAPON, AND SÁNCHEZ PHYSICAL REVIEW B70, 014415(2004)

014415-10



APPENDIX: GROUP THEORETICAL ANALYSIS OF THE
MAGNETIC STRUCTURE of Fe 7S8

The possible magnetic structures compatible with the
C2/c symmetry of Fe7S8 were determined through the
method of representational analysis described by Bertaut.17

For a propagation vectork =s0,0,0d, the little group Gk,
formed by those space group elements that leavek invariant,
coincides with the space groupG0. The irreducible represen-
tations of the little groupGk are shown in Table V, where the
symmetry elements are represented in the notation of the
International Tables.36

A symmetry operator,g=hRutj, whereR and t refer, re-
spectively, to rotational and translational components, acts
on both the position of the atom and on the components of
the axial vector that describes the moment. As the lattice is C
centered, half of the positions associated with each cation
site are generated by a lattice translation only. Therefore,
consideration of the action of the symmetry operations may
be confined to those positions that are generated by the four
operations of Table V, since inclusion of the effects of lattice
centering requires only a scaling of the results. Consideration
of each symmetry operation in turn acting on the atomic
positions generates a permutation representationGperm, and

on the spin components, an axial vector representation V˜ , the

characters of both of which are contained in Table V. The
magnetic representation at a given site,Gmag, is then given by
the direct product.

Gmag= Ṽ 3 Gperm. sA1d

This may then be reduced to a sum of irreducible represen-
tations of the little group,

Gmag= o
n

nnGn, sA2d

where the number of timesnn that an irreducible representa-
tion Gn appears is given by

nn =
1

nsGkd
o
g

xsgdxn
*sgd, sA3d

xsgd is the character of the reducible representation under the
symmetry operationg of the little groupGk andxnsgd is the
character of the irreducible representationGn under the same
symmetry operation. This gives rise to the irreducible mag-
netic representations used in the main body of the paper.

The cations at the 8sfd site generated by the operations in
Table V are denoted as(1) sx,y,zd; (2) s−x,y,−z+1/2d; (3)
s−x,−y,−zd, and(4) sx,−y,z+1/2d, and those at the 4sed site
by (5) s0,y,1 /4d and(6) s0,−y,3 /4d. Application of the pro-
jection operator37 produces the basis vectors associated with
each of the irreducible representations. The resulting basis
vectors are denoted in Table VI, using a notation similar to
that introduced by Bertaut17 to identify the different linear
combinations of spinsSi at theith cation position of a given
a Wyckoff site.
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