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Mossbauer *Fe Spectra Exhibiting “‘Ferrous Character”

G. A. FATSEAS

Laboratoire de Chimie des Solides, associé au CNRS (L.A. No. 279), 2 rue
de la Houssiniére, (F) - 44072 Nantes Cédex, France

aND JOHN B. GOODENOUGH

Inorganic Chemistry Laboratory, South Parks Road, Oxford OX! 3QR,

England

Received July 20, 1979

The term **ferrous character’” reported extensively in the literature for the Mossbauer spectroscopy of
octahedrally coordinated iron atoms in chalcogenides and antimonides is critically evaluated. The
significance of a formal valence state for the iron is examined. The magnitude of the isomer shift is
shown to provide a guide not only to the existence of high-spin versus low-spin states, but also to
localized versus itinerant electrons or to extended electrons within Fe—-X-M interactions (M =
transition metal and X = anion). The existence of a quadrupole splitting for iron atoms in intrinsically
cubic fields is only possible where the 8-spin electron outside a closed a-spin half-shell is localized and
Jahn-Teller coupled to lattice vibrations to form vibronic states. This situation is distinguished from
quadrupolar fields associated with local-site symmetries deformed from cubic symmetry as well as
from the case where the formation of itinerant 3-spin electrons inhibits the formation of vibronic

states.

Introduction

Mossbauer data for the halides and ox-
ides containing nominal Fe?* ions can be
well interpreted by a phenomenological
crystal-field theory (/). By analogy,
Mossbauer data for octahedral-site iron
atoms in chalcogenides and pnictides are
said to exhibit a ‘‘ferrous character,”’ but
with important modifications that have not
been adequately discussed in the literature,
although it is generally recognized that *‘co-
valency’’ plays an important role. Table I
lists Mdssbauer data for some iron chalco-
genides and antimonides that have been
classified as exhibiting such a ‘‘ferrous
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character.”” The purpose of this note is to
inquire whether the data in fact contain
more precise information about the charac-
ter of the **3d"" electrons at the iron atoms.

Four features of the phenomenological
crystal-field theory are of interest for the
present discussion.

/. Isomer shift (IS). For high-spin fer-
rous ions, the IS appears to decrease sys-
tematically with increasing covalency of
the metal-ligand bond. For example, the
room-temperature [S for octahedral-site
Fe?* ions in the isostructural series FeF,,
FeCl,, FeBr,, and Fel, has the values 1.35,
1.10, 1.00, and 0.85 mm/sec, respectively
(2).
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Within the crystal-field theory (3), cova-
lent mixing does not change the symmetry
properties of the 3d electrons so long as
they remain localized; but it does extend
the wave functions out over the nearest-
neighbor anions to lower the intraatomic
electrostatic interactions between the 3d
electrons and to introduce interatomic Fe—
X-Fe interactions. In addition, covalent
mixing is not the same for crystalline 3d
orbitals of different symmetry, which is the
major cause for reduction of the fivefold
atomic-orbital degeneracy of a free-ion D
state. In a cubic crystalline field, an orbi-
tally fivefold-degenerate, free-ion D state is
split into an orbitally threefold-degenerate
T, state and a two-fold-degenerate E state.
A free Fe?* ion is in a high-spin *D: d 3d,!
state, where the subscript « refers to the
majority-spin state and 8 to the minority-
spin state on the atom. In a cubic octahe-
dral interstice, the ®D ground state of an
Fe?* ion becomes 3T,,: 1,,3¢,2t,5"; in a cubic
tetrahedral site it is *E: e t5,%¢;'. In an
octahedral site, the e orbitals o-bond with
nearest-neighbor ligands; in a tetrahedral
site the t, orbitals do. The cubic-field split-
ting of t, and e orbitals of the same spin is
A.; the intraatomic-exchange splitting of
states of different spin is A,,. The cation 3d
covalent mixing with ligand orbitals in-
creases A, and decreases A,; if it is strong
enough to make A, > A,,, the high-spin
configuration is no longer stable. For an
octahedral-site Fe** ion, the high-spin °T,,
state becomes unstable relative to a low-
spin 1Ay, L 3ts® state, which is dia-
magnetic. In the 'A,, state, covalent mix-
ing into the empty e orbitals is particu-
larly strong, and the IS is reduced to a value
<0.5 mm/sec relative to elemental iron.

Where Fe—X-Fe interactions are pres-
ent, the conditions for localization of the
““3d”’ electrons break down if the inter-
atomic interactions become stronger than
the intraatomic interactions (3). Since co-
valent mixing increases the Fe-X-Fe inter-
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actions and decreases the intraatomic inter-
actions, strong covalent mixing may induce
a transition from localized to itinerant elec-
trons; for electrons of the same spin, itiner-
ant character is more probable if they oc-
cupy o-bonding rather than =-bonding
orbitals. We designate itinerant **3d”’ elec-
trons in o-bonding and w-bonding orbitals
with the labels o* and 7* because the local-
ized-electron symmetries are maintained
only at the center of the Brillouin zone in
itinerant-electron band theory. At a high-
spin .Fe2* ion, the majority-spin electrons
experience a maximum intraatomic-ex-
change stabilization whereas the single mi-
nority-spin electron has none. Therefore, at
a high-spin Fe?* ion the minority-spin elec-
tron in a s-bonding orbital may become
delocalized before a majority-spin electron
in a o-bonding orbital. A breakdown of 3d-
electron localization is commonly found in
oxides containing transition-metal cations
of higher formal valence state; in particular,
it occurs where the energy of the ground
*“3d’’-electron manifold is overlapped by
the O2~:2p® bands. This latter condition is
fulfilled in chalcogenides containing transi-
tion-metal cations of lower formal valence
state; it may be found—especially for the
minority-spin electron—in chalcogenides
containing Fe?* ions, as is discussed below.
In oxides, the critical condition for forma-
tion of o* band states is generally similar to
that for formation of a low-spin state; for
larger anions, where covalent mixing re-
duces more rapidly the intraatomic electro-
static energies and the difference between
w-bond and o-bond covalency is smaller,
the formation of itinerant-electron o*
states within a high-spin configuration is
more probable. Since the IS is a measure
of the reduction in the intraatomic elec-
trostatic energies due to covalent mixing,
an IS <0.8 mm/sec may be associated
with itinerant-electron o* e¢lectrons in a
high-spin configuration where there are
Fe-X-Fe interactions. Where there are
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only Fe—X-X-Fe or Fe-X-M-X-Fe inter-
atomic interactions, which are weaker
than Fe-X-Fe interactions, localized-elec-
tron high-spin configurations may exist to
a lower IS value; but in any case an IS
...... signals a low-spin
conﬁguratlon.
2. Quadrupole splitting (QS). Deforma-
tion of an octahedral or tetrahedral site
from cubic to a lower symmetry introduces
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the electric-field gradient at the nucleus:
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AEQ = AEO -

tal-fie heory (3), a high-
spin Fe?* ion has a single B-spin electron
occupying, in a cubic field, an orbitally
degenerate >T, or °E ground state. Although
the orbital angular momentum is quenched
(to first order) in the °E ground state for
tetrahedral coordination, the accidental de-
generacy may be removed by coupling to
lattice vibrational modes of E symmetry.
This coupling is possible because the elec-
tron configuration can be rearranged in a
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static deformation of the interstice, the
Jahn-Teller coupling produces vibronic
states that are split; the electron
configuration of a vibronic state introduces
an important electronic component AE, to
the QS even though the average lattice
symmetry remains cubic. The orbital angu-
lar momentum of an octahedral-site 37,
ground state is not completely quenched in
first-order theory, and spin—orbit muitipiet
splitting couples to the Jahn-Teller splitting
of the ground state. Above the magnetic-
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g temperature, thermal disordering
of the spms may produce a time-averaged
cubic symmetry, but anisotropic vibrations
can produce a QS.

It is important to note that such a theory
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the hlgh-spm configuration is localized.
Formation of itinerant B8-spin electrons re-
move the orbital degeneracy of the ground
state by producing a band of itinerant-
electron states.
accidental degeneracy to be removed by
the formation of vibronic states, and any
AFE, should be associated with a static AE,
introduced by the intrinsic crystallographic
symmetry.

The magnitude of the AE, introduced by

Jahn—Teller inlthna of vibronic states is

estimated to be about 5 mm/sec for free-
atom wavefunctions (5). In a real crystal,
this value is reduced by a factor «*, where
the positive fraction « is smaller the greater
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orbital with nearest-neighbor ligands. In
solids, where the gB-spin orbitals are
definitely localized, |AEg|=2¢] > 3
mm/sec is commonly observed at room
temperature (2}). in the absence of Fe—Fe or
Fe—-X-Fe interactions, a covalent mixing
strong enough to suppress significantly the
Jahn-Teller vibronic coupling may yet
leave the B-spin electrons localized (in the
crystal-field sense); in this case, a AEg may
still be associated with a crystallographi-
nq]]v cubic uft-\ but its mqgn}[ude can be
quite small.

3. Temperature-dependent QS. The vi-
bronic splittings of cubic-field degeneracies
are small enough for appreciable population

o aveaitad qtatag ot Aaw thavaral Ana

of the excited states at 111511C1 uicrimai Cner-
gies, kT. Therefore, a d|AE,|/dT < 0 is a
characteristic feature of high-spin ferrous
compounds and complexes containing lo-
calized 3d® manifolds in time-averaged cu-
bic symmetry (6-37/). However, this char-
acteristic should no longer manifest itself if

the B-spin electrons have been rendered
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itinerant as a result of Fe-Fe or Fe—X-Fe
interactions.

In the presence of a static quadrupolar
field, the cubic-field electronic degenera-
cies are lifted by normal crystal-field con-
siderations. Static distortions may induce
large enough splittings of the electronic
energy levels to eliminate any temperature
dependence of the QS that is not reflected
in the magnitude of the local-site deforma-
tion. Where static deformations reflect a
cooperative Jahn-Teller coupling, these de-
formations may have a strong temperature
dependence just below the transition tem-
perature at which the cooperative deforma-
tions appear, particularly if the transition is
second order. In this latter case, a tempera-
ture-dependent QS shouild persist above the
transition temperature because of dynamic
Jahn-Teller coupling. Where static defor-
mations are due to the intrinsic symmetry
of the structure, the lattice quadrupolar
field would have a marked temperature
dependence only in crystals having an an-
isotropic thermal expansion.

4. Linear IS /QS correlations. A linear
IS/QS correlation has been found for a few
isostructural series of ferrous compounds
(32-34), and it has been suggested that this
correlation should extend to more covalent
crystals. However, we must anticipate a
limited applicability for this observation. In
particular, it should not apply where the 8-
spin electrons are delocalized. The IS is
primarily influenced by o-bond covalency
whereas the QS of high-spin Fe?* ions
relects the mbonding B-spin configuration.
Where the 8-spin electrons are delocalized,
the QS should be due to static deformations
alone; static deformations induced by the
intrinsic crystal symmetry would be rela-
tively independent of the covalent mixing
responsible for modulating the IS.

Extrapolation from Iron Sulfides

1. Formal valence. In the oxides and
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halides, a localized Fe2*:3d® level gener-
ally lies within an energy gap between
empty conduction and filled valence bands.
Removal of an electron produces a local-
ized Fe?*:3d’ configuration at an energy
about 3 eV below the Fe2?:3d°% level
(3, 35).

In sulfides the Fe2*:3d° level lies near
the top of the S27:3p% valence bands (36).
In fact, a tetrahedral-site Fe2*: 3d%level lies
discretely above the top of the valence
bands whereas the corresponding octahe-
dral-site level is overlapped by the S%: 3p
valence bands. Therefore, an Fe3*t:3d°
configuration is a meaningful formal va-
lence state for a tetrahedral-site iron atom,
as is well known in chalcopyrite, CuFeS,.
However, an Fe3*: 3d° configuration is not
possible for octahedral-site iron in sulfides.
Any attempt to oxidize an octahedral-site
Fe?* ion to the Fe®* state creates holes in
the S*7:3p% valence bands, which is why
Fe,S; is unstable relative to the dispropor-
tionation products FeS +FeS,. In FeS,, the
valence-band holes are ordered into the
antibonding 3p states of complex (S,)?~
ions, and the iron has the formal valence
state Fe2*: 34"

The valence bands of the selenides, tellu-
rides, and antimonides are even less stable
than the 82~ :3p® bands, so the octahedral-
site Fe?*:3d® level lies even further below
the top of the valence bands in these com-
pounds. However, in all these compounds
we should anticipate that, if there is no
complex-anion formation, molar concentra-
tions of holes lower the Fermi energy into
the Fe2?*:3d® level (or narrow band) to
create cation-d as well as anion-p holes.
Although the Mossbauer spectrum may ex-
hibit a ‘‘ferrous character,’” assignment of a
formal valence state to the iron atoms is not
meaningful.

2. Delocalization of 3d electrons. Where
the valence bands overlap the 3d™ manifold
in oxides, delocalization of the 3d electrons
is commonly found (3). Therefore, we may
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anticipate at least a tendency toward delo-
calization of the 3d electrons in ferrous
chalcogenides and antimonides wherever
Fe-Fe interactions and/or Fe-X-Fe inter-
actions occur. In fact, high-spin iron ions in
edge-shared (or face-shared) octahedra or
tetrahedra are associated with structural
and transport properties indicative of itiner-
ant B-spin electrons (36). Therefore, we
may assume that high-spin iron atoms in
chalcogenides and antimonides have itiner-
ant 3-spin electrons wherever Fe—Fe inter-
actions occur across shared octahedral-site
or tetrahedral-site edges and faces.
Delocalization of o-bonding electrons via
Fe—X-Fe interactions is less directly mani-
fest if the orbitals are half-filled, as is the
case for high-spin Fe?* or Fe®* ions. At
lower temperatures, antiferromagnetic or-
dering of any spontaneous atomic moments
is stabilized, and the spin densities of anti-
ferromagnetically coupled o* electrons
tend to be paired. As a result, any sponta-
neous atomic moments associated with
antiferromagnetically coupled o* electrons
are sharply reduced from the free-atom
moments (3). The magnitude of the atomic
moments depends on the relative strength
of the interatomic and intraatomic interac-
tions. Where the ratio of interatomic/
intraatomic interactions is large enough,
spontaneous magnetism is suppressed; in
this case metallic samples exhibit only a
weak, temperature-independent Pauli
paramagnetism. A distinguishing feature
for itinerant versus localized antiferro-
magnetism is the pressure dependence of
the magnetic-ordering temperature Ty: a
dTy/dP < 0 is found for itinerant-electron
antiferromagnetism and a dTy/dP > 0 for
localized-electron antiferromagnetism (3).

Discussion

Application of these ideas to the data of
Table I is instructive.
The first group of compounds all have the
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cubic spinel structure containing tetrahe-
dral (A) cations (outside brackets in struc-
tural formula, Table I) and octahedral (B)
cations. The intrinsic symmetry at a tetra-
hedral site is cubic, so any AE, from A-site
Fe2*ions is associated with localized B-spin
electrons and should exhibit a dle|/dT < 0.
The octahedral sites, on the other hand,
have a trigonal axial field; its magnitude is
modulated by the anion-position parameter
u. Therefore, Mossbauer resonances from
B-site atoms will generally exhibit a AE,.
The temperature dependence of AE,,
d|e|/dT, will reflect that of the u parameter,
which would normally be small, and any
contribution from Jahn-Teller vibronic
states associated with localized minority-
spin electrons at Fe?* ions.

If Fe2* and Fe3' ions coexist in high
concentration on tetrahedal sites of chalco-
genide spinels, electron transfer from an
Fe?* to an Fe?®* ion does not require an
activation energy, and in this sense at least
the minority-spin electrons become itiner-
ant. Therefore the mixed-valency condition
is sufficient to suppress any localized-elec-
tron vibronic states at high-spin ions, and
hence any QS of A-site-iron Mossbauer
resonances.

In the case of B-site iron, nearest-neigh-
bor Fe-Fe interactions are strong enough
to delocalize the minority-spin electrons at
Fe?*ions even without mixed valency. Any
mixed Fe?*, Fe3* valency of B-site ions is
complicated by the presence of holes in the
S2-:3p® bands; but the presence of broad-
band holes only enhances delocalization of
the minority-spin electrons. Therefore,
only for low concentrations of B-site Fe2?*
ions can we expect to find localized minor-
ity-spin electrons at B-site iron.

Among the spinels listed in Table I, the
tetrahedral-site iron atoms are all Fe?*
ions except in three cases: Fe S, =
Fe[Fe,]S,, Felo.0sCr;54]S4, and Fe,_.Cu,
[Cr,]S;. Therefore all but these three
should have localized B-spin electrons at
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the tetrahedral iron and a corresponding QS
having a d |e|/dT < 0. Where quadrupole
data are available, exclusive of these ex-
ceptions, the temperature dependence is
normal, as anticipated. For Fe[In,]S,, the
magnitude of AE, = 2e¢ is also characteris-
tic of localized electrons; in Fe[Cr,)S, it is
greatly reduced. Such a reduction indicates
a m-bond covalent contribution to the ¢g
orbital that is strong enough to weaken
appreciably the vibronic coupling. In fact,
Fe[Cr,]S, exhibits a static Jahn-Teller dis-
tortion only below 13 K (37, 38); in the
corresponding oxide it sets in below 135 K
39).

Independent evidence for strong cova-
lent mixing comes from the small room-
temperature IS; in Fe[Cr,]S, it is only 0.68
mm/sec relative to that of elemental iron.
Such a small IS is expected to be associated
with Fe-X—Fe interactions that are strong
enough to produce itinerant o* electrons.
However, if M is not Fe in Fe[M,]S,, the
interactions via a single anion are Fe—-X-M
interactions, and the relative energy levels
on these unlike cations concentrate the o*-
electron charge density on the iron atoms.
This interpretation of the low IS implies
that in Fe,S,, where Fe—X-Fe interactions
are encountered, the spontaneous atomic
moments measured by low-temperature
neutron diffraction should be sharply re-
duced.

In sulfides, the minority-spin energies of
tetrahedral-site iron generally lie above the
broad S$2:2p® bands; the corresponding
states at octahedral-site iron have lower
energies (36). Moreover, octahedral chro-
mium has its @& configuration at an energy
below the top of the S27:2p® bands and
a high-spin d* configuration at a higher
energy than the tetrahedral Fe?*:d"
configuration. Therefore, Fe[Fe,]S, has
only Fe?* ions on tetrahedral sites and
Fe{Fe,; sCr,.64S ;. has 0.06 holes per formula
unit in the tetrahedral minority-spin bands,
which makes these electrons itinerant. In
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neither case can we expect a QS from the
tetrahedral iron; the QS is to be associated
with the intrinsic axial field at the octahe-
dral-site iron. If the minority-spin electrons
on the B-site ions are delocalized, as is the
case in Fe S, any temperature dependence
of the QS should be reflected in that of the
S?~-ion u parameter. The low isomer shift
(IS = 0.56 mm/sec) in Fe,S, reflects a
higher average formal valence on the iron
atoms, which increases the Fe-S covalent
mixing. Magnetic data (40) reveal the re-
duced atomic moments anticipated for
high-spin iron with itinerant o* electrons;
apparently the Fe(tet)-S—Fe(oct) interac-
tions are strong enough to produce itinerant
o* electrons, but not quite strong enough to
overcome the strong correlations and pro-
duce a low-spin state.

The Cu*:3d'" configuration overlaps the
S27:3p® bands in most sulfides, which
perturbs these broad bands. The proportion
of Cu:3d and S:3p character at the top of
the broad valence bands is not known. The
system Fe,_,.Cu,[Cr,]S, contains one hole
per copper atom in the minority-spin band
of the iron atoms over the range (0 < x <
0.5, and no A-site QS is anticipated because
these holes are itinerant. For > 0.5, 2x —
1) holes per formula unit occupy the broad
valence bands. Broad-band holes render
the system metallic, and the end member
Cu[Cr,]S, is a metallic ferromagnet. Anti-
parallel coupling of the iron moments to the
B-site chromium moments makes ferrimag-
netic the system Fe;, ,Cu,[CryS,, 0 < x
= 0.7.

In the second group of sulfides in Table I,
substitution of a small concentration of
Fe?* ions for tetrahedrally coordinated
Zn** or Cd?* in ZnS : Fe and CdS : Fe intro-
duces isolated, tetrahedrally coordinated
Fe?* ions having localized B-spin electrons.
The sites are intrinsically cubic, so any QS
is due to Jahn-Teller vibronic states and
should exhibit a dle|/dT < 0, which is what
has been observed. In the chalcopyrite
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CuGaS; ordering of Cu* and Ga®* jons
makes the structure tetragonal and imposes
an intrinsic axial field on the tetrahedral
sites. Substitution of a small concentration
of Fe?*ions for (Cu* + Ga?®*) ions produces
a Mossbauer spectrum having a QS con-
taining both a lattice contribution and a
vibronic contribution. The latter dominate
the temperature dependence of [AE| to
give a normal d|e|/dT < 0. Similarly, an
intrinsic axial field is present in the
chalcopyrite system CuFe,Ge,_.S, =
CutFe, *Feit.  Geds_ S,>~. For small
values of y, the concentration if iron atoms
may be small enough for the B-spin elec-
trons to remain localized, at least in the
paramagnetic temperature range T > Ty.
Correlation of d |e|/dT with the transport
properties as a function of y in this system
would be instructive. The olivine structure
of Fe,SiS, contains a close-packed hexago-
nal anion array with Si occupying one-
eighth of the tetrahedral sites; the Fe2* jons
occupy alternate basal planes of close-
packed octahedra sharing common edges.
Therefore the iron atoms experience an
intrinsic axial field that is primarily respon-
sible for the QS.

In the third group of compounds listed in
Table I, high-temperature FeS and o-NiS
have the B8, structure of NiAs. This struc-
ture consists of a close-packed-hexagonal
anion array with cations occupying all the
octahedral sites, which form a simple-hex-
agonal array. The octahedral sites share
common edges with basal-plane near neigh-
bors and common faces with c-axis near
neighbors. Below T, = 420 K, FeS is dis-
torted by the formation of triangular Fe,
clusters within the basal planes. The
compound is semiconducting at tempera-
tures T < T,, metallic in the range T >
T.. A maximum in the resistivity vs tem-
perature curve at 7y is due to spin-disor-
der scattering; it does not indicate semi-
conductor behavior in the range 7T, <
T < Ty. These data indicate that the S
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spin electrons in FeS are itinerant, so the
QS is due to the trigonal component of
the crystalline field at T > T, the biaxial
components at T < T,. Any temperature
variation in AEg should be reflected in the
crystal structure. A similar situation
should apply to the tetragonal form of
FeS (last group in Table I), which seems
to contain itinerant 3d electrons (36).

The stable room-temperature form of
NiS is millerite, but the metastable o-NiS
form can be obtained at room temperature
and below by rapid quenching. The onset of
magnetic order at 7T is associated with a
first-order dilatation of the hexagonal lat-
tice, indicative of itinerant 3d electrons that
become more strongly correlated at tem-
peratures T < T,. Substitution of small
concentrations of Fe?* for Ni%?* ions have
been made, and the observed QS reflects at
least the trigonal component of the crystal
field. Investigation of the temperature de-
pendence of AE| would indicate whether
the iron B-spin electrons are localized.

The antimonides Fe,,,Sb have the ex-
cess iron randomly distributed in intersti-
tial trigonal-bipyramid sites of the B8,
structure. Mobile holes in the Sb : 4p® and
Fe : d° bands are itinerant, and any QS
must have a dle|/dT that reflects changes in
the c/a ratio. The dle|/dT < 0 reported for
semiconducting Fe,Sb,, which has filled
Sb:4p® and Fe:d® bands, should also
reflect changes in the c/a ratio since the
3d electrons are expected to be itinerant
in so covalent a compound.

With the exception of cubic Fe,S,, the
iron chalcogenides Fe,_,X (where X =S,
Se, Te and 0 < x = 0.25) crystallize with a
hexagonal-close-packed anion array having
its simple-hexagonal array of octahedral
sites nearly filled with iron atoms. The B8,
structure of NiAs has the octahedral sites
filed (x = 0). In Fe,X; and Fe,X,, the
cation vacancies order into alternate basal
planes of the simple-hexagonal array; at
lower temperatures they may order within
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these planes. Two holes per cation vacancy
are introduced into the overlapping S?- :
2p® and Fe?* : 3d° bands. For small x, the
holes may be confined to the top of the
valence band, but for larger x they are
shared between valence p® bands and
Fe?*:d, bands. Under these ‘‘mixed-va-
lency’’ conditions, the 8-spin electrons are
itinerant, and any temperature dependence
of AE, = 2¢ should be mirrored in the
crystallographic axial ratio c¢/a, which
modulates an intrinsic axial-field compo-
nent. In the absence of an anisotropic ther-
mal expansion, the QS should be relatively
independent of temperature, as has been
noted for Fe;Seg and Fe;Se, (4/1-43). The
small isomer shifts for all these iron chalco-
genides implies itinerant, though strongly
correlated, o* electrons. The iron tellu-
rides, with IS < 0.5 mm/sec, appear to be
in a low-spin state without any spontaneous
magnetism. Single-crystal neutron-diffrac-
tion data for Fe,Seg has been interpreted on
the basis of a high-spin state with a reduced
magnetic moment for all the iron atoms
(44). The electronic specific heat and trans-
port properties are consistent with a high
density of states at the Fermi energy (45),
indicating that Er lies within a narrow Fe?* :
345 band; and a dT/dP < 0 provides inde-
pendent evidence for itinerant-electron
antiferromagnetism (46); i.e., for itiner-
ant, though strongly correlated, o* elec-
trons.

The ferromagnetic, metallic compounds
FeNi,Se, and Fe,NiSe, also have isomer
shifts characteristic of itinerant 3d elec-
trons. In these compounds, a large con-
centration of holes exists in overlapping
Se:4p® and Fe:d® bands, and any
d |€|/dT should be reflected in tempera-
ture variations of the c¢/a ratio of the
hexagonal structure. The compounds
FeCr,Se, and FeMo,S,, on the other
hand, contain Fe®** and Cr®** or Mo3* ions
ordered into alternate basal planes of BS,
structure. With only half the sites of an
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iron layer occupied, the possibility exists
of localized B-spin electrons on the iron
ions. These would contribute to the QS
and to a d |e|/dT < 0.

The remaining chalcogenides Fe, . M,X,,
O0s=x<land M=Ti,V, Zr, or Ta, may be
considered layer compounds containing
close-packed, metallic X-M-X layers with
Fe?* ions in octahedral interstices between
the layers. Successive anion layers may be
hexagonal close packed, as in the NiAs
structure, or cubic close packed as in the
CdlI, structure. In the 2H-Ta,S, structure,
the M = tantalum atoms occupy trigonal
prismatic sites rather than octahedral sites,
which produces simple-hexagonal stacking
of the anion within a layer X-M-X. In all
these structures, the inserted iron atoms
donate two electrons to the conducting
sandwich, making them formally Fe?* ions,
and they experience an intrinsic trigonal
field sensitive to the axial ratio ¢/a of the
structure. The observed QS should reflect
only the trigonal component of the crystal-
line field.

The low isomer shifts observed for
FeV,S, and V.S, : Fe signal the possibility
of low-spin iron; a low-spin Fe?* state has
been verified for V;Segz : Fe (62).

The compounds FePX; and IT-
Fe,,Ta, oS, have no cations between
layers. In the latter case, the iron appears
to be in a low-spin state; in FePX; every
three octahedral M atoms of the X-M-X
layers are replaced by two Fe?* ions and a
P, molecular unit. The Fe?* ions order into
an hexagonal net having a P, unit at the
center of each hexagon. This arrangement
allows for Fe-Fe interactions that may de-
localize the B8-spin electrons, but the intrin-
sic trigonal field produces a QS. The IS is
consistent with high-spin Fe2* ions.

Of the remaining few compounds, the 3
spin electrons are itinerant in cubanite 36,
CuFe,S,, and the low IS in the w phases
with CoeS¢ structure signal the presence of
itinerant 3d electrons at low-spin iron
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FiG. 1. Room-temperature isomer shifts relative to
elemental iron for different Fe-X systems (X = S, Se,
Te, Sb): see text. The IS refer to the metallic iron at
300 K, converted when necessary. Numbers refer to
corresponding compounds listed in Table 1. Simple
numbers represent NiAs-type compounds, numbers
marked with primes, spinel type.

atoms, consistent with the weak correla-
tions manifest by a Pauli paramagnetism.
Figure 1 gives a graphical representation
of the IS values of the compounds of Table
I. The system corresponding to different
anions X are shown separately. The num-
bers refer to the compound listing in Table
I, the primed numbers marked with primes
signaling the spinel structure. Numbers 54—
61 refer, respectively, to the additional
compounds Fe,Sn;, Fe,_ ,.Ge, FeSi,, the
low-spin pyrite and marcassite phases
FeS,, FeSe,, FeTe,, and the compounds
Fe, Ta,,;S, 60 and Fe,,Ta,,Se, 61. All
compounds falling in the cross-hatched re-
gion 0.1 = IS = 0.4 mm/sec belong to
intermetallic iron compounds (47) and those
in the domain —0.2 < IS < 0.35 mm/sec to
low-spin iron compounds. (/). Any sponta-
neous magnetism in the intermetallic com-
pounds must be described by a strongly
correlated band theory, not by a localized-
electron crystal-field theory. Similarly, the
tellurides, antimonides, m-phases, and va-
nadium layer compounds appear to contain
itinerant Fe : 3d electrons with any sponta-
neous spin density at the iron atoms associ-
ated with holes in a low-spin Fe?* : £,° band.
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All these data are consistent with the for-
mation of a low-spin state at iron atoms
having an IS = 0.5 mm/sec.

Conclusions

The ‘‘ferrous character’” of the
Mossbauer spectra of octahedral-site >’Fe
in iron chalcogenides and antimonides is
principally due to an overlapping of the
Fe?t:3d® energies by the valence bands.
However, with molar concentrations of
holes in these bands, the Fermi energy E;
generally falls within a narrow band of Fe :
3d states to give a high density of states at
E,. In these cases, assignment of a formal
valence to the iron atoms is meaningless.

Strong o-bond covalent mixing makes
the isomer shift small (IS < 0.9 mm/sec
compared to an IS = 1.3-1.4 mm/sec in
ferrous oxides and fluorides (48, 49)), and
for an IS < 0.8 mm/sec the o-bonding 3d
electrons are probably itinerant o* elec-
trons. However, the itinerant character of
o* electrons at high-spin iron atoms is
difficult to establish for Fe-X-M interac-
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coordinated compounds.



230

tions, where M is a transition-metal atom
other than iron. In the case of Fe—-X-Fe
interactions, spontaneous atomic moments
due to o* electrons are sharply reduced
from a localized-electron value in an anti-
ferromagnetic state and the pressure depen-
dence of the magnetic-ordering tempera-
ture is dT/dP < 0 (3).

For stronger covalent mixing, an IS < 0.5
mm/sec generally signals a low-spin state,
and any spontaneous magnetism is only
associated with holes in a low-spin Fe2* 1,8
band.

A localized d; electron at high-spin Fe?*
ions can induce a QS in a cubic-field envi-
ronment through a Jahn-Teller coupling to
form vibronic states having accidental de-
generacies lifted. The temperature depen-
dence of such a QS is d|AEy|/dT < 0.
Where the QS is due to quadrupolar fields
intrinsic to the crystal structure, any tem-
perature dependence of the QS should fol-
low the temperature dependence of the
local deformation from cubic symmetry.

The magnitude of the QS associated with
a time-averaged cubic field depends upon
the Jahn-Teller splitting of vibronic states.
This splitting decreases with increasing co-
valent mixing. Where important Fe-Fe in-
teractions exist, the formation of itinerant
B-spin electrons may eliminate any QS; but
where the Fe-Fe interactions are negligi-
ble, a small QS may be associated with the
formation of weakly coupled Jahn-Teller
vibronic states.

Any linear IS/QS correlations should
have limited applicability. Figure 2 shows
the room-temperature QS AE, = 2¢€ versus
IS for the compounds of Table I. As in Fig.
1, the numbers indicate the corresponding
compound in Table 1. No linear 1S/QS
correlation is found among these iron com-
pounds exhibiting *‘ferrous character.’’
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