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Compounds with the Skutterudite Type Crystal Structure

II. The **'Sb Méssbauer Effect in CoSb;, Fe,5Nig;Sbhs,
Rth3, and Ier3

A. KJEKSHUS, D. G. NICHOLSON and T. RAKKE

Kjemisk Institutt, Universitetet i Oslo, Blindern, Oslo 3, Norway

1218b Mossbauer spectra of CoSb,, Fe, ;Ni, ;Sb;, RhSb,, and IrSb,
have been obtained at 4.2 K and are discussed in relation to their
CoAs; type structure. The data provide additional evidence in support
of the bonding being predominantly of a covalent nature in these
compounds.

The application of !21Sb Mossbauer spectroscopy has, in recent years,
stimulated studies on the bonding properties of antimony compounds. Of
particular interest in this connection are a number of binary antimonides
whose accurately determined crystal structures facilitate the interpretation
and permit semi-quantitative comparisons between the crystallographic and
electronic environments of antimony. As an example of such an investigation
reference ! is made to a recent discussion on the 12!Sb Mossbauer parameters
for a series of diantimonides with the pyrite, marcasite, or arsenopyrite type
crystal structures. We report here corresponding data for CoSb,, Fe, ;Ni, ;Sb,,
RhSb,, and IrSb; with the CoAs,; (skutterudite) type crystal structure.

EXPERIMENTAL

The compounds were prepared by heating stoichiometric quantities of the elements
(in the form of turnings from Fe, Co, and Ni rods and Rh, Ir, and 8b powders all from
Johnson, Matthey & Co; spectroscopically standardized and of purity better than 99.99 %)
in evacuated, sealed quartz tubes. The binary samples were maintained for one week
at 750 (CoSb,) or 850°C (RhSb,; and IrSb,), crushed, reannealed for a further week at the
same temperature, and finally cooled to room temperature over a period of three days.
The ternary sample Fe, Ni, ;Sb, was prepared similarly at 650°C, crushed and subjected
to three further annealings at 600°C with intermediate crushings.

The experimental details concerning the X-ray diffraction and “Fe and *'Sb Moss-
bauer measurements have been presented in previous communications.!;?
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RESULTS AND DISCUSSION

The identity and homogeneity of the compounds were ascertained from
Guinier photographs, which gave the unit cell dimensions a=29.0347(6),
9.2322(6), 9.2533(5), and 9.0904(5) A for CoSb,, RhShy, IrSh,, and Fe, ;Ni, ;Shy,
respectively, in good agreement with earlier findings.3®

The room temperature 5’Fe Mossbauer spectrum for Fe, ;Ni, ;Sb, consists
of a single absorption peak of line-width I"= 0.64 mm/s which is positioned at a
chemical shift value of §=0.29 + 0.01 mm/s relative to metallic iron.

The magnitude of J is consistent with the Fe atoms attaining a formal low-
spin 3d® electron configuration (vide infra). In compounds with the CoAs,
type structure the metal (7') atoms are octahedrally coordinated to six non-
metal (X) atoms, the 7' site being only slightly distorted from O, symmetry
(cf., e.g., Refs. 10— 12). The lack of a resolvable quadrupole interaction reflects
this high crystallographic symmetry at the Fe site since for low-spin Fe(II)
there is no contribution arising from the non-bonding d electrons.

Fig. 1 shows the 12!Sb Mossbauer spectra of Fe, Ni,;Sb;, CoSb;, RhShy,
and IrSb, taken at 4.2 K.

The Mossbauer transitions in 2!Sb occur between the nuclear spin states
7/2-»5/2. The presence of an electric field gradient at the antimony nucleus
will remove some of the degeneracies of these transitions although the short
half-life of the excited state usually results in unresolved quadrupole split
spectra. The relative line positions are determined by the eigenvalues of the
ground and excited state Hamiltonians which involve the ratio (R=1.3813)
of the excited and ground state quadrupole coupling constants and the
asymmetry parameter z. For n=0 the selection rules restrict the number of
possible transitions to eight.

Using the same procedure as that outlined previously,! the observed
spectra were initially least squares computer fitted to eight Lorentzians on a
parabolic base line with #=0. This resulted, however, in unsatisfactory fits
for all the compounds. When » was allowed to vary in the least squares fitting
procedure, the values listed in the diagram were obtained.

The spectral line shapes are broad and symmetrical for all compounds.
There are a number of reasons to which line broadening can be attributed,
e.g., non-homogeneity, non-stoichiometry, more than one crystallographic
Sb environment, and/or an internal magnetic field induced at the Sb site by
the metal atoms. None of these factors, however, is relevant for these particular
samples. Thus an explanation as to the line broadening must be sought else-
where.

Inspection of the atomic arrangement of the CoAs, type structure !? reveals
that # must differ from zero since the immediate environment of the Sb atoms
is of lower symmetry than C,,. In fact, for a site of symmetry C,,, in which all
the bond angles attain the ideal tetrahedral value, 5 is expected to approach
unity. For finite values of # all twelve possible Méssbauer transitions become
allowed and the ratios of the individual peak intensities are modified. As an
example of this effect we refer to Nichols et al.1* who studied the influence of
the asymmetry parameter on unresolved quadrupole splittings of the 7/2—5/2
Moéssbauer transitions in *Eu showing that # > 0.5 causes significant spectral
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Fig. 1.
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1218h Mossbauer spectra of Fe, Ni, Sb,;, CoSby;, RhSb;, and IrSb, at 4.2 K.
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broadening. It is thus apparent that the fitting to eight Lorentzians for the
present 121Sb Méssbauer spectra is not a reasonable approximation.

In view of the time required to prepare a programme dealing with the
considerably more complex general case for > 0.5 it was decided to evaluate
the computer data already at hand. In this situation the chemical shift values
are taken to be meaningful because of the symmetric line shapes. Moreover,
since the compounds are closely related the line widths of the individual transi-
tions are assumed to be similar and the overall values for I provide at least
an order for the magnitudes of the quadrupole interactions |eQV,|. There is
of course a sign uncertainty in V,, as a result of =1, because then V, =

- Vu'

The 121Sb chemical shift values listed on Fig. 1 confirm the bonding to be
of a predominantly covalent nature in the 7'Sb, compounds. These & values
are more negative than that for the reference InSb (—8.9; mm/s at 4.2 K)
implying higher total s electron densities at the Sb nuclei in the present com-
pounds. The chemical shifts for CoSb,, RhSb,, and IrSb, are similar to, and
show the same trend as, the corresponding compounds CoSb,, RhSb,, and
IrSb, with the arsenopyrite type crystal structure.! The latter compounds
have distorted tetrahedral environments around the Sb atoms in common
with the 7'Sb, compounds. Whilst the Sb atoms in the 7'Sb, compounds are
coordinated to one Sb and three 7' the Sb atoms in the 7'Sb; compounds are
coordinated to two Sb and two 7'. The observed variations in ¢ for the different
chemical and crystallographic environments result from changes in popula-
tion of the valence orbitals, the p and/or d orbitals affecting the overall s
electron density at the Mossbauer nucleus by virtue of their shielding proper-
ties. The fact that substitution of a 7' by a Sb atom on going from the 7'Sb,
to the 7'Sb, series does not cause large variations in ¢ lends support to the
already inferred covalent nature of the bonding.

Fig. 2. Model showing a rectangular Sb,
group bonded to two 7' atoms at each
corner.

As illustrated in Fig. 2 the most striking feature of the CoAsg type structure
is the collection of the non-metal atoms into planar X, groups. There is a
rectangular distortion from an ideal square arrangement of these X, groups
which is of the order of 5 9,. This rectangular distortion is imposed by the
crystal structure and is attributed to anisotropic interactions arising from the
non-metal sublattice and not to any differences in covalency between the
Sb—T and Sb—Sb bonds or to the 7" sublattice.!?
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The Sb and T atomic wave functions of the molecular fragment Sb7',Sb,
(Fig. 2) transform to a first approximation as described by the irreducible
representations of point group C,,. The bonding orbitals are envisaged as
linear combinations taken over a Sb and its surrounding two Sb and two 7'
atoms using s, p, and d atomic wave functions for 7' and s and p atomic wave
functions for Sb. The magnitude of the 7'—Sb—7' bond angle reflects the
mixing of the 5p, and 5s contributions. The fact that the Sb—Sb—Sb bond
angle is fixed at 90° implies that the contribution to the Sb—Sb bonds comes
from the 5p, and 5p, orbitals only.

The rectangular distortion of the Sb, groups which causes two different
Sb —Sb bond lengths is not insignificant.’® The effect of this is to decrease
orbital overlap in the longer Sb—Sb bond with respect to the shorter. How-
ever, these bond differences do not vary significantly within the 7'Sb, series
and this suggests that the rectangular distortion is not the major cause of the
variation in ¢ values. Thus, within this series of compounds the changes in 4,
which parallel those found for the corresponding 7'Sb, compounds, mainly
reflect the different bonding characteristics of the 7' atoms, notably the dif-
ferences in the principal quantum number which causes significant variations
in Sb — T orbital overlaps.

In a previous paper?! it is shown that a measure of the angular part of the
distortion from cubic (7',) symmetry is given by the average deviation (&)
of the bond angles from the tetrahedral value of 109.47°. For the 7'Sb, com-
pounds the values of & (ranging between 8.3 and 13.6°) have been found to
correlate well with the 1#Sh Mossbauer quadrupole coupling constants. Largely
because of the restrained Sb —Sb —Sb bond angle (90°) £ is virtually constant
for compounds with the CoAs, type structure. Hence, a corresponding rela-
tionship is unobservable for the 7'Sb, series and any variation in [eQV | is
attributable to dissimilar electron imbalances in the Sb 5p, orbital.

It is characteristic for compounds with the CoAs; type structure that the 7' atoms
attain a formal low-spin d* (2,,°) configuration. The apparent exception provided by NiP,,1
in which the Ni atoms are formally d7, is explained by the seventh electron: being de-
localized over the macromolecule. The ternary series *-!® produced by substituting Co
by Fe or Ni are additional pieces of the ¢jigsaw puzzle” which fall into position. The
limit to which the apparently incompatible Ni atoms are tolerated by the CoAs, type
structure without destroying its basic stability decreases in the sequence CoP,, CoAs,,
and CoSb;. The opposite trend is evident on substitution of Co by Fe.

As for the non-metal atoms the CoAs, type structure appears to be limited to pnictides
and there are no reports concerning the existence of corresponding compounds with
Group IVB or VIB elements. Regarding the t,,* configuration of T’ as being a significant
feature of the skutterudites, then the hypothetical chalcogenides would be restricted to
Cr, Mo, or W in a formally zero valence state. Because of the large diffuse d orbitals on
the non-metal atoms !®* # back-bonding is presumably ineffective and hence, such low
valence states on T' would be unstable. On the other hand, hypothetical Group IVB
skutterudites would require an unusually high valence state of 7' (e.g. Zn(VI), Cd(VI),
or Hg(VI)).
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