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ABSTRACT

Mossbauer spectra of Fe’ were obtained from natural and annealed Sudbury pent-
landite at temperatures between ambient and 4.2°K. Their analysis leads to the conclusion
that the irreversible expansion of the unit cell which takes place on annealing at 200°C in
vacuo is caused by migration of Fe atoms from the octahedrally coordinated 4(b) sites of
Fm3m to the tetrahedrally coordinated 32(f) sites. The initial population of the 4(b) sites
by Fe atoms is larger, and the final population smaller, than would correspond to a com-
pletely random distribution of the metal atoms over the 4(b)-+32(f) sites. There is no
evidence of magnetic ordering in pentlandite even at 4.2°K. The Méssbauer parameters of
the Fe atom at 4() are consistent with divalent iron involved in appreciable covalent
bonding. The ground state of the Fe atom at 32(f) cannot be ascertained from the present
Moissbauer evidence alone.

The lattice parameter of natural pentlandite, (Fe, Ni)oSs, is smaller
than that of synthetic pentlandite of the same composition (Knop ef al.,
1965). However, on heating to temperatures between 150 and 200°C
under nonoxidizing conditions (vacuum or argon) the structure of natural
pentlandite undergoes an irreversible expansion, whereby @ increases by
about } percent and is brought into the ¢ range of the synthetic pent-
landite. Exposing the sulfide to temperatures in excess of 200°C did not
seem to produce additional increase in . The expansion took place even
when the mineral was heated under 2000 atm of argon.

In natural pentlandite the atomic ratio Ni: Fe is usually between 1 and
1.15 (Knop et al., 1965). In synthetic pentlandite it can be varied be-
tween approximately 3:1 and 1:3; the lattice parameter of the cubic
pentlandite (7) phase increases nonlinearly with increasing Fe content
(Knop and Ibrahim, 1961). The 36 metal atoms in the unit cell of the
7 structure are distributed, ideally, over the 4(b) and 32(f) sites of
Fm3m. A complete ordering with respect to these two equipoints would
only be possible if the Ni:Fe ratio were 8:1 or 1:8. These values are far
from the Ni:Fe ratios commonly observed in the mineral, and in fact far
outside the limits of the stability range of synthetic #(Fe, Ni, S). Regard-
less of whether 4(d) is occupied by 4 Fe or 4 Ni or 4 (Fe, Ni), 32(f) must

1 For Part VI see Knop et al. (1968).
2 INCO Graduate Research Fellow, 1968-70.
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thus always accommodate botk Fe and Ni atoms, most likely in a sta-
tistical distribution. The actual number of Fe and Ni atoms in 32(f) will
depend on the analytical Ni:Fe ratio of the = phase and on the number
of Fe atoms in 4(p). But, barring a drastic variation in the number of
intrinsic vacancies with the Ni:Fe ratio, a steady increase in a(m) on
traversing the Ni: Fe composition range from 3:1 to 1:3 can only result
if the effective size of the Fe atom in the structure is larger than that of
the Ni atom. The Fe atoms responsible for the increase will therefore be
located in the tetrahedrally coordinated 32(f) sites.

The composition of natural pentlandite does not appear to change on
expansion: no foreign lines were observed in the X-ray powder photo-
graphs of the annealed material. The possibility thus exists that the ir-
reversible expansion of the pentlandite structure is caused by a redistri-
bution of the metal atoms between the 4(b) and 32(f) equipoints, in
which Fe atoms migrate from 4(b) to 32(f). Alternatively, the annealed
and the synthetic pentlandites may contain a greater fraction of vacant
sites on each of the sublattices of the 7 structure than the natural mate-
rial, with essentially no change in the Ni: Fe ratios in 4(b) and 32(f) and
in the mode of distribution of the metal atoms in these equipoints. The
distribution of the Fe and Ni atoms is, however, not known, so any at-
tempt to demonstrate a redistribution must start from a determination
of the numbers of atoms of each kind in 4(b) and 32(f).

X-ray diffraction is ineffective because of the close similarity of the
X-ray scattering factors of Fe and Ni, although anomalous-scattering
experiments might yield some information. Neutron diffraction can be
expected only marginally effective for a similar reason. The coherent
scattering amplitudes of Fe and Ni for neutrons are, for natural isotopic
contents, 0.96 and 1.03X 1072 cm respectively, and thus too close to
enable differences between mixed populations of the two equipoints to be
determined with confidence. Mossbauer spectroscopy should, however,
prove useful, at least on theoretical expectation, and it was the aim of the
present investigation to use this method to elucidate the distribution of
the metal atoms in the mineral.

EXPERIMENTAL

The pentlandite used in this investigation was extracted from specimens of coarsely
crystalline ore from Creighton Mine, Sudbury, Ont., by careful handpicking, crushing and
magnetic separation. It was the same material as .S of Knop ef al. (1965). On annealing the
natural material (100 mesh; a=10.044+0.001 A) for 53 hr at 200°C in vacuo and cooling
with the oven, the lattice parameter increased to 10.105 +0.001 A, in excellent agreement
with results reported in our previous work.

Densities were determined by weighing in air and in CCli. To minimize the effect of
trapped air the fine powder, in a thin-walled aluminum thimble, was placed in a special
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glass apparatus (Barker, 1966) whose side-arm contained CCl frozen with liquid nitrogen.
The apparatus was carefully evacuated, isolated from the vacuum line by closing the con-
necting stopcock, and the CCl, was thawed and distilled onto the powder. The density of
selected small quartz crystals (Herkimer diamonds), which were used to check the method,
was determined as 2,657 +0.003 g/cm?.

The observed densities of the natural and the annealed pentlandite at 22-24°C (means
of 4 determinations each) were 5.060+0.009 and 4.958 +0.007 g/cm? respectively. This is
in good agreement with the values of 5.067 +0.002 and 4.974+0.002 g/cm? calculated from
the measured ¢ taking Z=4 and N =6.0226X 10%.

Mossbauer spectra of the pentlandites were recorded on spectrometers at the University
of East Anglia, Norwich, and the University of Exeter. The instruments were both of the
conventional constant-acceleration electromechanical type, based on 400-channel multi-
channel analyzers operating in the multiscaler mode. The drive system was based on a de-
sign due to Clark ef al. (1967). The vy-ray detector was a 0.015-in. NaI(T]) scintillator
mounted on a 1-in. photomultiplier. The sources used were Co® in Pd at room temperatures
and had original intensities of about 10 mCi. Calibration of the spectrometers was carried
out using a thin iron foil and applying the data of Presten et l. (1962). Isomer shifts are
quoted relative to metallic iron. To convert to stainless steel add +0.090 mm/s and to
sodium nitroprusside dihydrate, +0.257 mm/s (Mulir et af., 1967).

Absorbers for room-temperature spectra were prepared by dispersing pentlandite
powder in acrylic disks machined down to about 1 mm thickness. Each disk contained
about 3 mg/cm? of natural iron, so no appreciable thickness effects would be expected
from such essentially “thin” absorbers. For low-temperature spectra absorbers were made
by mounting a thin layer of powder onto an iron-free Al backing foil with durafix cement.
The variable-temperature cryostat was capable of operating between 4.2°K and room
temperature. The absorber temperature was measured with a 0.03 at. percent Fe in Aus.
chromel thermocouple and stabilized by a simple thermostat system (Woodhams et al.,
1966).

The Méssbauer spectra were fitted to a number of overlapping Lorentzian-shaped lines
by a standard iterative least-squares technique. The program minimized x?, the sum of
the squared deviations from the assumed function divided by the variance at a single
channel, and gave the most probable estimates of the line parameters together with their
standard deviations.

REesurTs AND DiscussioNn

Densities. The agreement of the observed densities with the densities
calculated for full occupancy of the pentlandite unit cell indicates that
the intrinsic defectiveness of the structure, i.e. equal percentage of vacan-
cies in 32(f), 4(b), 24(¢), and 8(c), is quite small: the difference between
the calculated and the observed densities was only (0.14+0.22) percent
for the natural and (0.324+0.18) percent for the annealed material. In
view of the uncertainties involved the difference cannot be confidently
claimed to have increased on annealing. Change in the degree of defec-
tiveness of the structure can thus be at most a contributory factor in the
irreversible volume increase on heating.

The Missbauer Spectrum. Typical spectra of natural and annealed pent-
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Fic. 1. Méssbauer spectra of natural (No. 127; fop) and annealed (No. 131; bottom)
pentlandite at room temperature. The zero of velocity refers to the centre of Fe® calibra-
tion spectrum.

landite at room temperature are shown in Figure 1.! The spectra appear
to consist of an asymmetric doublet, the asymmetry being larger in the
! The spectrum of natural pentlandite from Noril’sk (composition not stated) repro-

duced in Marfunin and Mkrtchyan’s paper (1967) seems to be presented as a symmetric
quadrupole doublet.
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natural than in the annealed material. All the spectra were similar and
reproducible, regardless of the spectrometer used, and there was no
significant change on cooling the specimens. In particular, no evidence of
magnetic ordering was observed even at 4.2°K. :

Asymmetry in a quadrupole doublet may arise from one or more of the
following: (i) preferential orientation of the crystal particles in the ab-
sorber; (i) anisotropy of the recoil-free fraction for atoms in sites of lower
than cubic symmetry (the Gol’danskii-Karyagin effect); (iii) paramag-
netic relaxation effects; and (iv) a complex spectrum arising from super-
posed spectra of Fe atoms in different types of sites. The temperature
independence of the observed asymmetry rules out the Gol’danskii-
Karyagin and relaxation possibilities, while (i) is discounted by the cubic
symmetry of the sample: experiments with powder of smaller particle
size, and varying the angle between the absorber and the source-detector
axis, produced no change in the spectra. Thus we believe the asymmetry
is due to (iv).

The Creighton Mine pentlandite used in this investigation analyzed to
Fes20C00.06N1s 1S5, i.6. (Ni}Co):Fe=1.14, with 17+1 Fe atoms per
unit cell (Knop et al., 1965). Since the 4(b) sites can accommodate at
most 4 Fe atoms the majority of the Fe atoms must be located in the
tetrahedrally coordinated 32(f) sites. The spectrum will thus be domi-
nated by absorption by Fe® nuclei in these sites. The FeS, tetrahedra
exhibit trigonal (3m) distortion and a quadrupole doublet is expected.
However, when x=1/8, and when at the same time the positional param-
eter # of the S atom in 24(e) is %, the tetrahedra become metrically regu-
lar.! In these circumstances the contribution of the ligand environment to
the electric field gradient at the Fe nucleus in FeS, might conceivably be
very small. In the simultaneous absence of an electric field gradient from
non-symmetric orbital occupancy by uncompensated electrons the ex-

! The actual symmetry at any Fe; atom is, strictly speaking, always lower than 3m,
although on Bragg diffraction criteria the site symmetry required by the space group is
satisfied by volume-averaging for the crystal as a whole, quite apart from the close simi-
larity of the atomic scattering factors of Fe and Ni. In Feq sNis sSs with Fe and Ni dis-
tributed at random the fraction of FeS, tetrahedra surrounded by only Fe or only Ni
atoms as nearest metal-atom neighbours is 25 percent (Barker and Knop, 1970). When the
symmetry of the FeS, aggregates including progressively more distant metal-atom neigh-
bours is considered, the fraction of Fe; atoms that have extensive environments of sym-
metry 3m tends to zero. Even assuming that only nearest metal-atom neighbours affect
the electric field gradient at the Fe atom in an FeS, tetrahedon significantly, the observed
quadrupole splitting (and probably also the isomer shift) will be the result of a superposi-
tion of several values, each corresponding to one type of environment; the frequency dis-
tribution of the possible types of environment in the crystal will depend on the Ni:Fe
ratio and on the degree of order in 4(b). However, the observed smaliness of the quadrupole
splitting and line widths (see later in the text) seems to indicate that atoms beyond the
nearest S neighbours have little effect on the features of the Mssbauer spectrum.
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pected quadrupole doublet would not be resolved and would appear as a
broadened single line.

The site symmetry of atoms in the octahedrally coordinated 4(d) sites
is cubic (m3m).! When 4(b) contains only Ni atoms, the resulting spec-
trum is just that from the 17 Fe; atoms. However, when 4(b) is completely
or partially occupied by Fe atoms, a single line, or a quadrupole doublet,
of lower intensity will appear.? For not too large a difference in the isomer
shifts at Fe; and Fe, the resulting spectrum would consist of an asym-
metric single line or an asymmetric doublet. The ratio R of the areas
under the component spectra will be equal to the ratio of the number of
Fe atoms in 32(f) and 4(d), Fe(f) : Fe(d), if the recoil-free fractions at the
two sites are equal and relaxation effects are absent. This assumption is
reasonable in this case as R does not vary with temperature (see below).

Asasymmetric doublet of the type shown in Figure 1 can be considered
then as arising from (a) two independent single lines, or (b) a single line
superposed on a symmetric quadrupole doublet, or (c) a weak doublet
superposed on a dominant symmetric quadrupole doublet. When spectra,
127 and 131 were fitted to cases (a) and (b) x2 tests of the goodness of fit
showed that x*(b) was significantly lower, by about 40 in 250, than x2
(a). This was taken as good evidence that (b) is the more acceptable
model. Spectrum 127 was also fitted to case (c). This fit gave a similar x2
as for fit (b), so that either model is statistically acceptable. The quad-
rupole splitting at Fe, is only about 0.1 mm/s, i.e. less than one-half of a
line width, and the isomer shift is the same as for fit (b). In view of this
we decided to fit all the pentlandite spectra to model (b) but the fitted
single line may possibly be a temperature-independent unresolved
doublet. No constraints were placed on the line parameters for case (a),
but for (b) and (c) the widths and intensities of the doublet lines were
constrained to be equal.

In addition to the statistical evidence the following physical facts
should be considered. As pointed out above, spectra of the same type
were obtained under a variety of conditions. For case (a), the two inde-

! Similar arguments as described in the preceding footnote apply a fortiori to the FeSq
octahedra at 4(8). For a pentlandite with Ni:Fe=1 the fraction of FeS; octahedra having
an m3m symmetry with respect to their nearest metal-atom neighbours, is in fact com-
pletely negligible (Barker and Knop, 1970).

* Whether the spectrum from Fe; is a single line or a quadrupole doublet will depend
on the electronic configuration of the atom. The a priori probable configurations are 3d¢
or 3d°. The occupancy of the 34 orbitals is of cubic symmetry for low-spin 3d¢ and high-spin
3d®, so there can be no quadrupole splitting from this source. In a cubic ligand field the
splitting would be zero even for the high-spin 3d® and low-spin 34 configurations, unless the
degeneracy of the d. level were removed by some perturbing influence (e.g. the noncoopera-
tive Jahn-Teller effect, spin-orbit coupling) (¢f. Ingalls, 1962).
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TaBLE 1. MGSSBAUER FES" PARAMETERS OF CREIGHTON MINE PENTLANDITE?

Tempera- Quadrupole spectrum Single-line spectrum  Area ratio,
Sample Run No. ture, °K [N IS LW A Lw R
<100 mesh (Norwich spectrometer)
Natural 125 R.T. 0.298(5) 0.356(8) 0.298(8) 0.649(8) 0.28(2) 4.440.5
Annealed 123 R.T. 0.29(1) 0.37(1) 0.311(8) 0.65(2) 0.23(5) 15.5+£5.0
<100 mesh (Exeter spectrometer)
Natural 127 R.T. 0.312(5) 0.361(5) 0.347(5) 0.657(4) 0.32(1) 4.5+£0.5
128 97 0.364(6) 0.457(5) 0.372(6) 0.787(5) 0.27(1)  6.6+0.3
129 33 0.371(5) 0.466(4) 0.371(6) 0.803(4) 0.31(1) 5.41£0.3
130 4.2 0.358(8) 0.461(5) 0.411(8) 0.809(5) 0.34(2) 4.5+0.3

Annealed 131 R.T. 0.304(2) 0.385(2) 0.336(3) 0.675(4) 0.265(8) 13+1

<250 mesh (Exeter spectrometer)

Natural 139 71 0.351(16) 0.452(10) 0.386(16) 0.779(10) 0.29(2) 5.7+1.2
140 4,2 0.338(18) 0.445(18) 0,398(16) 0.779(8) 0.31(2) 4.7+1.0

Annealed 138 R.T. 0.310(7) 0.383(6) 0.390(4) 0.686(7) 0.27(2) 1542
148 R.T. 0.294(16) 0.380(16) 0.352(10) 0.66(2) 0.32(8) 15+3
149 77 0.354(14) 0.477(16) 0.380(12) 0.866(16) 0.22(6) 19+ 8
144 4.2 0.354(16) 0.475(18) 0.397(14) 0.790(14) 0.21(2) 1646

& QS, quadrupole splitting; IS, isomer shift relative to metallic iron; LW, line width. All values in mm/s.
The standard deviations are in units of the last decimal of the parameter values: 0,338(18) stands for 0.338
+0.018 etc. For R the standard deviations are quoted in full,

pendent single lines could arise if the FeS, tetrahedra in 32(f) were regu-
lar or nearly so, or if a large degree of covalency were present (cf. Okiji
and Kanamori, 1964; Ono et al., 1962), and these possibilities must be
considered. However, the smallest possible value R can assume is
13:4=3.25, i.e. almost 3:1. If the doublets of Figure 1 are taken to con-
sist of two single lines, inspection shows that ratio of the areas would be
less than 3:1. But this cannot be reconciled with the structure of pent-
landite.

Model (b) fits the observed spectra into components illustrated in
Figure 1. The quadrupole splittings and isomer shifts of these components
for the individual experiments are listed in Table 1. It is immediately
seen that the ratios of the areas doublet:singlet are all larger than 3.25,
as required. The parameters of Table 1 are compared with the reported
isomer shifts and quadrupole splittings for pyrite and marcasite-type
compourds in Figure 2.

The line widths are broadened slightly compared to the value of 0.23
mm/s obtained with a natural iron absorber. The broadening for the
32(f) sites increases with decreasing temperature.

Effect of annealing. R varies with Fe(d) as [(17+1)—Fe(d)]/Fe(d)
(Fig. 3). The weighted mean R=A(quadrupole doublet) : 4 (single line)
for the pairs 125-123 (room temperature), 127-131 (room temperature),
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Frc. 2. Isomer shifts and quadrupole splittings of pentlandite (full circles) and related
compounds. The isomer shifts are relative to metallic iron (converted where necessary).
Temperley and Lefevre (1966): FeS, (C2 and C18), FeSe;, FeTe,, FeShy. Tmbert ef al.
(1963): FeAsS, FeAs,. Fluck ef al. (1963): TeS, (C2 and C18). Hafner and Kalvius (1966):
FeS. Greenwood and Whitfield (1968) : CuFeS,, FeCrsSs, FeInsS,, CuFeSnSy. Raj and Puri
(1969): CsFeS..

139-149 (77°K) and 140-144 (4.2°K) is 4.6 + 0.4 for natural and 13.3+1.0
for annealed pentlandite. The ratio 13.3/4.6 is 2.9+0.3, which is very
close to the weighted mean of the corresponding individual R(annealed)/
R(natural) ratios for the four pairs, 3.040.4. From R=4.6+0.4 one
obtains Fe(d) = 3.0+ 0.3 for natural pentlandite, while from R=13.3=1.0
the value of 1.2+0.1 is obtained for Fe(d) in annealed pentlandite. The
number of iron atoms transferred from 4(b) to 32(f) on annealing is thus
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nealed pentlandite.

1.840.3. Variations in the composition of homogeneous natural pent-
landite, and uncertainties in the analytical figures, do not affect these
results in a critical way (Fig. 3).

For a completely random distribution of the Fe atoms over 4(5)+32(f)
Fe(d) would be 1.89+0.11. Fe(b) of annealed pentlandite is, however,
0.7£0.2 smaller. Thus it appears that the annealing process results, not
in a complete randomization of the metal atoms that might be expected,
but in an incomplete ordering which is the opposite of that present in
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natural pentlandite, i.e. with fewer Fe, atoms than would correspond to
a statistical distribution.

Quadrupole Splitting and Isomer Shift. The quadrupole splitting at the
32(f) site is small, characteristic of complex Fe compounds (Fluck ef al.,
1963), and is consistent with the small trigonal distortion of the FeS,
tetrahedra expected in pentlandite; refined x and u values for the anal-
ogous synthetic phases Fe;Ni;RuSs and Fe;Ni;RhSs have been reported
to be only slightly larger than the corresponding ideal values, ¥ and %
respectively (Reid, 1968; Reid, Knop, and Sutarno).! The increase in
the quadrupole splitting on cooling is attributed to a thermal contraction
of the structure which increases the electric field gradient at the Fe
nucleus. Both the small splitting and its small variation with tempera-
ture are evidence that the contribution to the electric field gradient from
uncompensated electrons of the Fe atom is very small, if any.? By con-
trast, the splitting for tetrahedrally coordinated Fe?* in sphalerite and
wurtzite has been reported to be 2.05 mm/s at 80°K and 0.80 mm/s at
300°K (Marfunin and Mkrtchyan, 1967).

It does not appear possible to determine the oxidation and spin states
of the Fe atom in pentlandite unambiguously from the Mdossbauer
spectra alone. The room-temperature isomer shift at 4(b) is not too far
from the isomer shifts of FeS, In[FeIn]Ss, and FeSb,Sy, all of which con-
tain octahedrally coordinated divalent iron, so that the ground state at
4(p) could be did,? (Figs. 2 and 4). The isomer shift is significantly below
those of FeS and In[Feln]S,, which already are rather small for Fe** in
six-coordination, even when their large uncertainty limits are taken into
account.? But it is still much closer to these sulfides than to the low-spin
Fe(II) in pyrite and marcasite.* The increase in the shift with decreasing

1The # and u values as determined by diffraction methods are averages over all the
TeS, and NiS, tetrahedra in the crystal, while the quadrupcle splitting is an average mea-
sure of the asymmetry of the local electric field at the Fe nulcei of the FeS, tetrahedra. See
also footncte on p. 1135,

2 T,ocal distortions arising from the non-cooperative Jahn-Teller effect, when present,
can account for appreciable quadrupole splittings. Cf. the observations by Tanaka ef al.
(1966) on the normal spinels Fe?*Cr;04 and Fe**V,0, at temperatures above their static
transition temperatures.

3 Because of the considerable difference between the isomer shifts reported for FeShySs
there is no value in comparing this compound with pentlandite. Eibschiitz e/ al. (1967b)
give 0.63+0.02 mm/s for (presumably synthetic) FeSh,S,, while the shift listed by Mar-
funin and Mkrtchyan (1967) for the mineral bertbierite (formulated as F e2tSh,S,) is 1.12
mm/s at 300°K and 1.19 mm/s at 80°K; the corresponding quadrupole splittings were 2.67
and 3.60 mm/s respectively.

+ Walker ef al. (1961) place the isomer shifts of the weakly paramagnetic pyrite and
marcasite on the 3d54s® line, and close to x=0, of their correlation diagram. However, as
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F16. 4. Tsomer shifts of octahedrally and tetrahedrally coordinated Fe¥7 in sulfides at
room temperature (in mm/s, relative to metallic iron). The experimental uncertainty,
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4, see Fig. 2; B, Greenwood and Whitfield, 1968; C, Raj and Puri, 1969; D, Imbert and
Wintenberger, 1967; E, Raj ef al., 1968; F, Eibschiitz et al., 1967a,b; G, Frank, 1968; II,
Fluck et al., 1963; K, Marfunin and Mkritchyan, 1967.

temperature agrees with that expected from the second-order Doppler
shift.
The quadrupole splitting at 4(3) and its temperature dependence shed

has already been noted by Marfunin and Mkrtchyan (1967) and by Erickson (1967), this
is incompatible with the known physical properties of these sulfides which are more con-
sistent with low-spin Fe(II) (Serres, 1953; Benoit, 1955; Hulliger and Mooser, 1965; Hulli-
ger, 1968; Jarrett ef al., 1968; Gallagher ef al., 1969).
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no light on the electronic configuration of the Fe atom. In an unper-
turbed ligand field of octahedral (#3m) symmetry the d. energy levels
are degenerate and the sixth 3d electron of a high-spin Fe?** atom spends
equal time in each of the d. orbitals (cf. Ingalls, 1962). The splitting will
be nonzero only if the degeneracy is removed by an external perturbing
field of lower symmetry. But it is not possible to decide from the spectra
whether or not there is a quadrupole doublet at 4(d), as the evidence is
statistically inconclusive and thus of no value for assigning the ground
state. If a splitting is present, it is very small. By contrast, the quadru-
pole splitting at Fe?* in the inverse cubic spinel In[FeIn]S,, in which the
FeSs octahedra have the crystallographic symmetry 3m, is 3.27 mm/s
(Greenwood and Whitfield, 1968). An example of FeSg octahedra con-
taining low-spin Fe(ITT) does not seem to be available.

The isomer shift at Fe; is smaller than at Fes. This is not unexpected.
The ligands are in both cases the same, and there is an increase in the
s-character of the bonds passing from octahedral sp*@ to tetrahedral sp?
bonding orbitals. Hence a decrease in the isomer shift. Such decrease is
commonly observed (cf. for example Edwards ef al., 1967; Greenwood
and Whitfield, 1968) (Fig. 4).

According to a correlation diagram such as Erickson’s Figure 2 (1967),
the room-temperature isomer shift at Fe; would appear to fall in the
overlap region of isomer shifts characteristic of low-spin Fe(IT) and high-
spin Fe(III). For further interpretation comparison must be made with
isomer shifts observed in sulfides containing Fe in tetrahedral coordina-
tion.

The shift falls between that of NaFeS; and those of the orthorhombic
minerals cubanite, CuFe,S;, and sternbergite, AgFe.S; (Fig. 4). Its exact
position with respect to the shifts in these sulfides, as well as with respect
to stannite (Cu.FeSnS,) and FeCr,Ss, is difftcult to establish with ac-
curacy because of the considerable experimental uncertainties and the
discrepancies involved in comparing and converting results obtained by
different authors. While there is reasonable evidence that the Fe atom is
divalent in FeCr,S; and stannite, and trivalent in NaFeS,; and in the
sulfides having room-temperature isomer shifts smaller than 0.3 mm/s
(Fig. 4), the oxidation state of Fe in orthorhombic cubanite and in stern-
bergite has not been satisfactorily elucidated.

Greenwood and Whitfield (1968) have noted that in orthorhombic
cubanite, in which all the Fe atoms are crystallographically equivalent,
the isomer shift is midway between those of FeXt in FeCrsSs and Fe*t in
CuFeS,. They seem to suggest that this might lead to an expectation of
separate six-line hyperfine Mdssbauer spectra for both ferrous and ferric
ions. Since only one six-line hyperfine spectrum was observed at both 295
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and 77°K, they took this to imply that electrons were moving rapidly
between Fe?t and Fe’t jons in the cubanite structure. However, they
made no mention of relaxation line broadening that might be expected
in mixed-valency compounds of iron; the room-temperature spectrum
in their paper appears to consist of unbroadened lines. The room-tem-
perature spectrum of the cubic cubanite obtained by heating the ortho-
rhombic form above 270°C in vacuo, was not magnetically split.! Fitting
of the broad composite line to two lines yielded separate isomer shifts for
the ferric (0.22 mm/s) and ferrous (0.72 mm/s) components, and a fer-
ric:ferrous area ratio of 1.15. An alternative fitting to a ferric singlet and
a ferrous quadrupole doublet resulted in an isomer shift of 0.72 mm/s
and a splitting of 0.20 mm/s for the ferrous component, leaving the ferric
parameters virtually unaltered. It was concluded that there wasno longer
rapid interchange of the valencies in the disordered cubic phase as there
had been in the orthorhombic phase.?

The similar six-line hyperfine spectrum of sternbergite obtained at 300,
77, and 4°K, on the other hand, was interpreted by Imbert and Winten-
berger (1967) as being incompatible with the simultaneous existence of
Fext and Fe?t, with or without rapid exchange, on the grounds that such
an exchange mechanism would cease to operate at low temperatures; 4°K
was considered sufficiently low. The authors argued that the observed
internal field was too weak for the Fe atom to be present as ferric ion,even
though the magnitude of the isomer shift (0.38+0.03 mm/s at 300°K)
and the 1¢2¢.Q term (0.9940.04 mm/s, independent of temperature) are
suggestive of such interpretation. They propose that a covalent or a
metallic model be adopted to account for the properties of the antiferro-
magnetic sternbergite.

Clearly the electron delocalization that appears to exist in these sul-
fides complicates a simple interpretation in chemical (localized-electron)
terms. The assignment of a clear-cut oxidation state, in the classical
chemical sense, to the Fe; atoms undoubtedly poses a problem similar to
that encountered in cubanite and sternbergite, and is probably not pos-
sible. It is well to keep in mind that there is a distinction between the
oxidation state of the Fe atom and the electron density on the atom

1 This result is at variance with the observations of Makarov ef al. (1968), who report
a six-line hyperfine spectrum and conclude, from application of external fields, that the
cubic modification at room temperature is anti-ferromagnetic.

2 In Fer_,CusCreSs (0<2<0.5) below the Curie temperature a double six-line spectrum
was observed arising from both ferrous and ferric iron, but above the Curie temperature
only a single line appeared. This was again explained on a fast relaxation between Fert
and Fed*, For 0.5<x<1 only Fe* ions exist giving a single six-line spectrum below the
Curie temperature (Haacke and Nozik, 1968).
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(¢f. for example Greenwood, 1967). However, the oxidation states of Fe
in pentlandite, unlike those in the ferricyanide and ferrocyanide ions,
are probably beyond the reach of determination by chemical means. It
is hoped that the magnetic susceptibility measurements which are being
initiated, and Mdssbauer spectra now being obtained in external mag-
netic fields, may help to resolve the difficulty.

CONCLUSIONS

Analysis of the Mossbauer spectra of natural and annealed Sudbury
pentlandite has substantiated the view that the irreversible structure
expansion which takes place on annealing, is caused by a redistribution
of the Fe and Ni atoms between the 4(5) and 32(f) sites. The redistribu-
tion does not result in a complete randomization of the metal atoms
over 4(6)+32(f). The number of Fe atoms in the octahedral 4(d) sites
was found to be 3.0+0.3 before and 1.24+0.1 after annealing, while a
statistical distribution over the two equipoints would require 1.89+0.11
Fe atoms. The annealing process thus seems to bring out a weak ten-
dency of the Fe atoms to prefer the tetrahedral sites, or of the Ni atoms
to prefer the octahedral sites, or both. )

The isomer shift at the Fe’” nucleus is significantly larger for the 4(3)
site than for the 32(f) site. The quadrupole splitting at the 32(f) site is
only about 0.3 mm/s and almost temperature independent. No evidence
of magnetic ordering was observed in the spectra even on cooling the
specimens to 4.2°K. To account for these results the iron in the FeSg
octahedra is assumed to be divalent and involved in appreciable covalent
bonding of the sp*d® type. The Fe atom in the slightly distorted FeS,
tetrahedron is engaged in appreciable covalent bonding of an essentially
sp® type, but its ground state cannot be ascertained from the present
Mgssbauer evidence alone. This precludes meaningful answers from being
given to questions like: What determines the site preference of the Fe
atoms in natural and annealed pentlandite; Why does the lattice param-
eter of synthetic =(Fe, Ni, S) increase with the Fe:Ni ratio; What are
the relative contributions to the quadrupole splitting at the Fe; nucleus
from the ligand environment and from the asymmetry of the electron
occupancy in the 3d orbitals; Can the quadrupole splitting be used to
estimate, empirically, the degree of distortion of FeS, tetrahedra? Work
to clarify some of these problems as they affect synthetic pentlandites
and =(Fe, Co, Ni, S) phases is under way.
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