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Structure of the high-pressure phase Il of iron sulfide
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The structure of FeS-Ill has been solved from angle-dispersive x-ray powder-diffraction data collected at 7.5
GPa and room temperature. It has a monoclinic unit(spéce grouf2,/a) containing 12 formula units. The
loss of the magnetic order at the transition from phase Il is accompanied by a sharp reduction in Fe-Fe
distances to~2.7 A. These short contacts form al Setwork of four-atom clusters and six-, eight-, and
ten-member ringq.S0163-182@09)01713-0

Iron sulfide has long attracted attention as a simplehigh P-T phase IV whose density leads to a re-estimate of
transition-metal compound with a range of interesting electhe size of the Martian corg.There appears to be an abrupt
tronic properties. It is an antiferromagnetic semiconductor irdensity increase in this phase at a pressure close to that of the
the troilite phase at ambient pressure and temperature; it h&ddnP/FeS-IIl transition, and hence phase IV is likely to ex-
a spin-flip transition on heating, then becoming paramagnetibibit similar structural changes, and to be paramagnetic and
above a Nel temperature 0f-600 K; and it passes through metallic at high pressurés.

a semiconductor-to-metal transition under pressdr@he The structure of phase lll is thus a key to understanding
troilite structure is unique to FeS, and contains triangulaithe electronic properties and the high-pressure behavior of
clusters of Fe atoms that—with the magnetism—signal &eS, and repeated attempts have been made to solve what
mixed localized/itinerant character in thel 2lectrons The  appears to be a quite complex structure. Most recently, Fei
properties of the iron-sulfur system, and of FeS in particulargt al. reported a possible monoclinic unit c&lland Kusaba

are also of major interest and importance in geoplanetargt al. obtained a good fit to all peak positions in the powder
science. Sulfur is one of the candidates to account for theattern with a larger monoclinic cell containing 12 formula
evidence that the density of the Earth’s outer core is signifiunits1? But no further progress was made in determining the
cantly lower than that of pure irchThe solid core of Mars is  crystal structure. We have now solved the full structure from
believed to be composed of Fe, or an Fe-Ni alloy, and somangle-dispersive powder-diffraction data collected at room
14% of S by weight:® Other terrestrial planets and satellites temperaturé® The Fe-S coordination is quite strongly dis-
are also expected to have similar sulfur-containing ferrougorted, and the short Fe-Fe distances appear to form an in-
cores. triguing network of clusters, and six-, eight-, and ten-atom

Lively interest in FeS at high pressure was sparked by theings.
proposal—some 30 years ago—that sulfur may be a major The sample material was prepared by heating a stoichio-
component of the Earth’s cdteand by the discovery, at metric mixture of iron—which had previously been reduced
about the same time, of troilite in lunar sampfes.number  at 1100 K in a stream of hydrogen gas for 1 h—and sulfur at
of high-pressure studies in the 1970’s revealed transition823 K for 10 days in an evacuated silica glass capsule. Dif-
from the semiconducting troilite phase to a more metallicfraction data were collected at room temperature on station
FeS-Il phase at 3.4 GPa, and then to another phase FeS-Ill @il at the Synchrotron Radiation Source, Daresbury Labora-
6.7 GP& which remains stable to at least 60 GPa at roontory, using an image-plate area detectbrThe incident
temperaturé.Despite various attempts, no clear structure dewavelength was 0.46%%) A. Finely ground troilite was
terminations were obtained until King and Prewitt showedloaded into diamond-anvil cells with 4:1 methanol:ethanol as
FeS-Il to have the MnP structuf& hey were unable to solve a pressure transmitting medium and chips of ruby for pres-
the structure of FeS-Ill, but estimated a significant densitysure measurement.
increase of~9% at the MnP/FeS-Ill transition. Msbauer Powder patterns collected in the troilite and MnP phases
studies indicate that this is a semimetal to metal transition, ajave excellent fits to the known structures, as shown in Fig.
which the magnetic ordering of the troilite and MnP phasesl for the MnP phase. The refined lattice parameters for troi-
is lost21%Fei et al. recently carried out diffraction studies of lite at ambient pressure ar@=5.9655(3)A and c
FeS under high pressure at high temperature, and proposed=al1.7512(3) A, in agreement with the values for stoichio-
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(pointg from FeS-lll at 7.5 GP#at room temperatujeTick marks

FIG. 1. Rietveld refinement fitline) to an integrated profile o .
(points for the MnP phase of FeS at 5.3 G room temperatuje show the positions of all reflections allowed by symmetry. The
: difference between the observed and calculated profiles is shown

Tick marks show the positions of all reflections allowed by SYMMEy elow the tick marks. Indexed reflections include the strongest from

try. The dn‘ference. between the observed and calculated profiles B e NiAs subcell fi+k+1=2n, h+1=3n), some of the superlat-
shown below the tick marks.

tice reflections in common with the MnP phasetk+1+2n), and

) ) ] some of the additional superlattice reflections of the FeS-lll phase
metric FeS and the patterns contained no evidence of anyh+1+3n). 11-1 denotes thél11) reflection, etc.

other phase above the detection limit-©0.5%. The refined

atomic coordinates of both phases are in good agreement Figure 3 shows a powder pattern obtained in phase llI at
(within 0.002 with the single-crystal resulfsThe troilite 7.5 GPa; it is very similar in its general features to the
and MnP phases of FeS both have structures based on theergy-dispersive patterns of Kusaegal,'? though there
NiAs structurée} to which they both transform on heating are some significant differences in relative peak intensities.
above~600 K The NiAs cell, with hexagonal lattice pa- Attempts to index this pattern using the prograncvoL
rametersA=B and C, contains two formula units. Figure 2 (Ref. 15 yielded as the best-fitting solution a monoclinic cell
illustrates how the NiAs cell is related to those of the troilite with a=8.11A, b=5.66 A, c=6.48 A, andB=93.0°—the
and MnP phases. Troilite has a superstructure of NiAssame as the cell found independently by Kusabal }? Con-
which has a six-times larger hexagon&@6@2c) cell with  siderations of symmetry and density indicate, as said, that
lattice parameters related to the NiAs cell bjy=A—B this cell contains 12 formula units. When indexed on this
(V3A in magnitude andc”=2C. The MnP phase has a dif- cell, (hOl) reflections withh=odd and (&O0) reflections
ferent superstructure, with an orthorhombRnma cell con- with k=odd are systematically absent, consistent with space
taining four formula units, in which the lattice parameters aregroup P2,/a.'®

related by a’=C, b’=A and ¢/’=~A+2B (V3A in The study by King and Prewitshowed that a single crys-
magnitude.s In the NiAs structure, the S and Fe layers al-tal of troilite passes through the transitions to MnP and FeS-
ternate along th&€ axis, such that the S atoms are coordi- Il without losing its integrity, apart from twinning. This
nated by six Fe atoms arranged in a trigonal prism, and thatrongly suggests that the general framework of the structure
Fe atoms are coordinated by six S atoms arranged in a8 preserved, with the transitions proceeding by relatively
octahedrof. small displacements rather than reconstruction. Their results
also revealed a strong contraction of the unit cell along the
NiAs C-axis direction, by some 9%, on passing from the
MnP to FeS-lll phase. Furthermore, they reported the ap-
pearance of “cell-doubling” reflections in the hexagonal
basal plane, i.e., thekd layer of the MnP phase. In the MnP
phase, the only reflections in this layer are those correspond-
ing to the NiAs unit cell; the additional, superlattice reflec-
tions of MnP—-i.e.,(001), (003, (010, (012, etc.—are all
systematically absent for space grdempma New reflections

at these positions—halfway between the NiAs reflections—
indicate that then-glide symmetry is lost in FeS-IIl.

The only setting of the FeS-Ill cell consistent with all of
this has the uniqgue monoclinig axis along thec’ axis of
MnP, and thea andc axes in thea’b’ plane of MnP, such

FIG. 2. Relationship of the NiA&A andB), troilite (a” andb”),  thata=a’+2b’, b=—c’, andc=b’—a’. This relationship
and MnP p’ andc’) unit cells. The lattice parameters perpendicu-is shown in Fig. 4, which also includes the MnP-type unit
lar to the plane of the drawing are, respectiveBy,c’=2c and  cell corresponding to the FeS-Ill cell—havirg/ = 1/3(a
a’'=C. —2¢)=5.218 A in magnitudeb’ =1/3(a+c)=3.370A, ¢’

b"/C"
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N a Cc TABLE |. Atomic coordinates of FeS-IIl in the 4] sites of
P2,/a at. 7.5 GPa(i) as obtained X 10*) from the data in Fig. 3,
i ; I and (i) as the averageX10°) of values from three different
samples, with refined lattice parametes=8.1103(3) A, b
=5.6666(2) A,c=6.4832(2) A, and3=93.05(3)°.

b’ (i) Best fit (ii) Average

X y z X y z

Fel) 6555) 79886) 8295 652) 8004) 8212
Fe(2) 21204) 21398 18035 2112) 2123) 1783

FIG. 4. Relationship of thac plane of the FeS-lll unit cell to  Fg3) 42206) 76076) 44896) 4231) 7632) 4502
thea’'b’ plane of the MnP unit cell. The dashed line shows how thes(l) 18458) 77914) 8657) 1884) 76(4) 8653)
MnP_ce_II distorts in the FeS-Ill structure. The direction of the NiAs S(2) 51849) 911010) 75477) 5193) 9112) 756(6)
C axis is marked. S(3) 33219 416311 59228) 3353 4203) 5911)

[

=—-b=5.667 A, andy=95.62°. (We note that the latter is _ _
the cell proposed by Feit al,'! with their b and ¢ axes true accuracy of the refined coordinates, patterns were col-
interchanged. It can be seen in Fig. 4 that the effects of the lécted and refined in the same way from two other samples,
transition are(i) the large contraction o’ (along the NiAs N one of which there was no detectable preferred
C axi9 previously reported,and (i) a pronounced mono- o_rlentatlonz. The average values from the three samples are
clinic shearing of the MnRy'b’ plane, which lies perpen- 9iven underii) in Table I, and we will use these values in
dicular to the NiAs basal plaré. desqublng and discussing the structure. _ _

The FeS-IIl unit cell retains the lattice repeat of the Mnp ~ Figure 5 shows the array of Fe atoms in FeS-lIl, viewed
structure alondp (¢’ of MnP), but has three times the area of @PProximately along thé axis. The solid lines join atoms
the MnP cell in theac plane @'b’ of MnP). The relative less than 3.Q A apart, which is a reasonab_le grlterlon for
orientation of the FeS-Ill cell indicates that theglide sym-  Fe-Fe bonding brought about by delocalization od 3
metry and a third of the 2axes ofPnmaare retained® If electrons’ The direction corresponding to the NiA&Saxis is
the NiAs structure is described in the FeS-Ill cell, the Fe
atoms are in three independent four-fold sites witlilfat - P D @

(1/12, 3/4, 1/12 Fe2) at (1/4, 1/4, 1/3, and F¢3) at (5/12, 4 43 17 417 -3 4

3/4, 5/12, and likewise for the S atoms with(B at (1/6,
1/12, 11/12, S(2) at (1/2, 11/12, 3/% and $3) at (1/3, 5/12,
7/12). The profile in Fig. 3 contains NiAs reflections, the
additional superlattice reflections of the MnP phéaséh h
+k+1+#2n), and the further new reflections of FeS<iith
h+1+#3n). Among the latter is the lowest-angle line which
indexes ag001). This reflection indicates that some atoms
that arec/2 apart in NiAs(and MnB are displaced irz to a
separation# c/2—probably Fe atoms in view of the strength
of (001). The Fé1l) and F&€3) groups of atoms are/2 apart,
but the symmetry does not allow this to alter significantly.
However, the F&) atoms are in two pairs/2 apart in the
NiAs structure, and their separation is a variable in the FeS-
[l symmetry. Furthermore, the retention of the MnP super-
lattice reflections and the same lattice repeat almagggests
that they coordinates of FeS-Ill are similar to those of the
MnP phase. A trial structure was thus adopted with yhe
coordinates of MnP and theandz coordinates of NiAgas
above, except that F&) was displaced-0.01 alongz. From

. ; . : .. FIG. 5. Arrangement of the Fe atoms in FeS-Ill at 7.5 GPa.
this starting model, rapid convergence was obtained to the fEe(l) Fe(2), and F€3) atoms are shown as white, black, and grey

shown in Fig. 3, using the Rietveld refinement pr()gramspheres, respectively. Links between atoms mark all Fe-Fe dis-

GSAS™ This fit includes a parameter to describe a small de-t‘,jmces<3_0 A. Unit cell axesa, b, andc are shownAB marks the

gree of preferred orlgntatlon—the form and r_nagmtude Ofbasal plane of the NiAs substructure, and the arrow marks the di-
which was checked independently by recording & patterection of itsC axis. Displacements from MnP positions are shown
with the axis of the pressure cell inclined to the incidentas the top of the figure for the atoms within the marked cell in the
beam?" Test refinements in the lower-symmetry Spacegroupa\g plane—as arrows of length proportional to the displacements in
P2, andPa gave no significant further improvements in fit. ABand alongC (the largest, for F®) alongAB, is 0.52 A, and as

The refined lattice parameters and atomic coordinates are+4,” “ +3,” etc. in units of 0.01 A along=b. Atoms labeled 1
given in Table I. This is a complex structure to determineand 2 are in a ten-member ring, 1 and 3 are in an eight-member
from high-pressure powder-diffraction data. To estimate theing, and 3 and 4 are in a six-member ring.
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FIG. 7. VIV, as a function of pressure through the troilite, MnP
c"\/\ N /\ and FeS-lIl phases of FeS. The lines are guides to the eye only.
J
Fe(1) and F€2) atoms move such as to separate from the
a' b' Fe(3) atoms[the shortest basal-plane BgFe(3) distance is
3.502) A], and thereby break th& axis chains of the MnP
9 Fe2 A phase and form clusters in which four atoms lie in a close-
< \ t\ packed arrangement. The five short Fe-Fe distances in these
—2 M3, — clusters are all in the range 2:#@.03 A. In Fig. 6 and at the
(c) kel re top of Fig. 5, the F&) atoms can be seen also to move apart
I Fe3 alongb (by +0.17 A), which reduces the interaction they
TR g . . _ L
\ - had in the zigzag chains of the MnP phase; the minimum
9 9 J Fe(3)-Fe(3) distance is now 3.02) A. Despite this large
atc rearrangement, the overall dimensions of the basal planes
change little from the MnP phase, as can be seen by com-
5 paring Fig. §b) and Gc): refinement of a mixed-phase pat-

tern at 7.1 GPa sho#that the FeS-Ill lattice repeat along

FIG. 6. Comparison of the Fe-atom arrays in the basal planeAB is 1.5% greater thant8, while b is 0.6% less thae'.
perpendicular toC, for the (a) troilite, (b) MnP, and(c) FeS-lil  However, as shown in Fig. 4, the stacking of planes along
phases of FeS. All are drawn on a common scale, and in the relatiié sheared= by 6° and their separation is reduced by 7.6%,
orientations shown in Figs. 2 and 4. The unit cell in the basal plan@nd these changes lead to marked reductions in the Fe-Fe
is outlined. Fél), Fe(2), and Fé3) atoms are distinguished iic). distances alon@ also. The four-atom clusters are linked into

staggeredab sheets by F@)-Fe1) bonds(Fig. 5 that are
marked(parallel toc” of the troilite phase and’ of the MnP  additionally reduced by the F& displacement along to
phasg. The Fe atoms can thus be seen to lie close to planesnly 2.592) A. And these sheets are crosslinked alarigy
stacked alongC, parallel to the basal planes of the NiAs Fg2)-Feg3)-Fg1) bonds in which both Fe-Fe distances are
structure—as they do in the troilite and MnP structures. The.722) A—the same within error as in the four-atom clus-
Fe(1), Fg?2), and F¢3) atoms are shown, respectively, as ters. All other Fe-Fe distances are3.0 A. Those less than
white, black, and grey spheres. At the top of the figure, the3.0 A form the complex three-dimensional framework shown
displacements relative to the MnP phase coordinates afiea Fig. 5, comprising six-, eight-, and ten-atom rings,
shown for the Fd), Fg2), Fe3), Fe3), F&2), and Fé¢l) crosslinked by the four-atom clusters.
atoms lying in the central basal plafiabeledAB) within the Fe(1) and F¢3) have S-atom coordination similar to the
marked unit cell. As the displacements indicate, there is aroilite phase, forming quite distorted Fe®8ctahedra; the
center of inversion symmetry at the midpoint of this group. Fe-S bondlengths around @grange from 2.2) to 2.553)

Figure 6 compares the Fe-atom arrays in the basal pland, and those around & range from 2.284) to 2.432) A,
perpendicular tcC, for the troilite, MnP and FeS-Ill phases. compared with 2.36 to 2.72 A in troilite at ambient presgure.
As in Fig. 5, solid lines join atoms less than 3.0 A apart. InHowever, F€) is reduced to fivefold close coordination, in
the troilite phase, the Fe atoms are clustered into triangles ian approximately regular square pyramid of S atoms with
the basal planes, with Fe-Fe distances<@9 A, and in the Fe-S distances ranging from 2(BY to 2.323) A. The large
MnP phase, the Fe atoms displace differently to form zigzaglisplacement of R) increases the sixth distance—to one of
chains running along’, again with Fe-Fe distances2.9 A.  the §3) atoms—to 3.08) A.

In both phases, the basal-plane unitee triangles and Figure 7 shows how the volume per formula unit de-
chaing are linked by Fe-Fe distances &f2.9 A alongC. creases through the troilite, MnP, and FeS-IIl phases up to
The structural characteristic of clustering in the basal planel0 GPa, and Table Il gives the refined lattice parameters at
with the clusters linked alon@, is retained in phase Ill, but the lowest and highest pressure points shown for each phase
in a more complex way. As shown in Figs. 5 an@)6the in Fig. 7. The data shown in Fig. 7 are not of sufficient
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TABLE 1. Lattice parameters of FeS at the lowest and highestambient pressuréThe significant further shortening of the
pressure points shown for the troilite, MnP and FeS-lll phases irfFe-Fe distances accompanying the loss of the magnetic order
Fig. 7. suggests that the transition to phase Ill is driven by the Fe-Fe
interactions and a distinct change in thed-8lectron
PGPa a(d) b(A) cA a() B() ¥ configuratior? The isomer shift and quadrupole splitting ob-

tained from M@sbauer spectra in phase (Refs. 2 and 10
0 5.965%3) 5.96533) 11.75123) 90 90 120 1eq King et al1° to the unexpected conclusion that the iron in
3.57 5.864%) 5.86485) 11.596@4) 90 90 120 phase Il may be F&; and they rejected a high-spin to low-
3.71 5.739%) 3.376%1) 5.80732) 90 90 90  spin interpretation. However, the recent $ébauer study by
6.70 5.65683) 3.33312) 5.72883) 90 90 920 Kobayashiet al? suggests that FeS may have a collapsed
790 8.135(3) 5.68632) 649963 90 93.1173) 90 moment and be a Pauli paramagnetic metal in phase lll.

Clearly, a reanalysis of the \sbauer data in the light of the
10.15  8.0328Y) 5.62114) 6.42673) 90 92.8625) 90 full crystal structure would now be very interesting and in-

formative.

precision relative to thésmall pressure range in each phase In summary, the long-unknown structure of FeS-lll has

to yield meaningful values of the ambient-pressure buIIJJeen so!vc_ad. AS for_ the lower pressure troilite and MnP
modulusB, and its pressure derivativé’ in the MnP and phases, it is a distortion of the NiAs structure, characterized

FeS-lll phases. However, the data in the troilite phase can bb clustering of the Fe atoms in the planes perpendicular to

seen to lend some supbort to the neaaBlaeported for this the equivalent of the NiAs unique axis. However, the Fe-Fe
. ppor 9 P distances are markedly shorter, and the close coordination of
phase by King and Prewitf.

L . . one of the three independent Fe sites is distorted fromy FeS
The transition from MnP to phase Il is accompanied byto FeS. These are the principal structural changes accompa-
(i) an abrupt volume decrease of @)P6 (Ref. 20—6.0(2)% . P P 9 P

in terms ofAV/V, (Ref. 19—that is mostly due to the con- ?rgggitfgr? loss of the magnetic order at the MnP to FeS-lll
traction alongC (Fig. 4); (ii) by metallization and the loss of '

magnetic ordef;!° and (i) by a marked decrease in Fe-Fe  We thank our colleagues J. S. Loveday, for much assis-
distances. The mean of Fe-Fe distances less than 3.0 A fallance with structural drawings, W. G. Marshall, for several
more-or-less linearly through the troilite and MnP phaseselpful discussions, and M. R. Gibbs, D. R. Allan, and Y. Ko
from 2.95 A at ambient pressure to 2.85 A just before thefor assistance with some of the experimental work. We ac-
transition to phase Iif.Immediately above that transition, it knowledge technical support from G. Bushnell-Wye and A.
has decreased sharply to 2.70 A. It had been thought prevA. Neild. This work was supported by a grant from the En-
ously that the contraction of the structure alofigsignaled gineering and Physical Sciences Research Council, funding
an increased Fe-Fe interaction in that direction alone. Oufrom the Council for the Central Laboratory of the Research
results show that there is a similar strengthening in the bas&ouncils, and by facilities made available by Daresbury
planes. Goodenough concluded that the triangular clusteringaboratory. M.I.M. acknowledges support from the Royal
in the troilite phas¢Fig. 6(a)] can be attributed to significant Society. J.B.P. acknowledges the support of the NSF through
delocalization of the sixth, minority-spind3electron, even at Grant No. EAR 95-06483.
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