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The Mossbauer spectrum of Fe, 4Se (anti-PbO structure) has been measured from 4.2°K up to
the phase transition, above which the isomer shift increased due to formation of FeSe (NiAs
structure). The transition temperature was consistent with the value of 731°K previously determined
from heat capacity measurements. The room-temperature isomer shift of Fe, ¢,Se (0.47 mm sec™'
relative to metallic iron) and the quadrupole splitting (0.26 mm sec™') conformed to the trend in
the known values for Fe,, .S and Fe , |, Te. At4.2°K, the M&ssbauer spectrum was not magnetically
split, and the application of an external magnetic field of flux density 5 Tesla showed that there
was no appreciable magnetic alignment of the Fe atoms. The electrical conductivity (ca. 200 ohm™!
cm~! at 295°K) was well behaved and metallic, in contrast to the semiconductivity of Fe,, .S and
Fe, ;1 Te. Fe, o4Se is therefore Pauli paramagnetic. Orbital structures are proposed in which the
conduction occurs in either a broad low-lying basically s—p band, or a broadened basically Fe 3d

type band.

Three structural types are present in the
Fe-Se system: the anti-PbO structure adopted
by Fe, (4Se, the NiAs-CdlI, structure adopted
in the FeSe-Fe;Se, region, and the marcasite
structure adopted by FeSe, (/). This paper will
be concerned with the anti-PbO type phase and
subsequent papers will describe work on
compounds with the NiAs-Cdl, structure.

The tetragonal anti-PbO structure is adopt-
ed by the sulfide phase Fe,, S(0.04 < x < 0.07)
(2), the selenide Fe, o,Se, where the range of
homogeneity is small and uncertain (3-8), and
the telluride phase Fe, Te (0.11 < x < 0.25)
(9). These phases form the only characterized
isostructural series of metal-excess chalco-
genides of any transition metal. They thereby
provide an attractive series for comparative
magnetic and electrical conductivity studies,
especially since available evidence suggests

*On leave from the Department
Engineering, Nagoya University, Japan.

+ Author to whom correspondence should be
addressed.

Copyright . 1976 by Academic Press, Inc.
All rights of reproduction in any form reserved.
Printed in Great Britain

of Nuclear

that Fe,. .S is a diamagnetic semiconductor
(10-12), whereas Fe, ,Te is an antiferro-
magnetic semiconductor (/3-15), with a Néel
point of 63°K. Electrical conductivity, mag-
netic, and Mdssbauer data for Fe, (,Se are
lacking, although there is indirect evidence to
suggest that the phase is not ferro- or strongly
ferrimagnetic (5). We have used the M&ssbauer
technique primarily to investigate the mag-
netic behavior of the selenide, taking advan-
tage of the fact that small quantities of
ferromagnetic impurities such as Fe, or ferri-
magnetic impurities such as Fe,Seg or Fe;0,
will not swamp the Mdssbauer response
of the bulk material, as they can in normal
susceptibility measurements. On the basis of
the magnetic and electrical conductivity data
we have proposed two possible orbital schemes
for the selenide.

In the anti-PbO structure the metal atoms
occupy two-dimensional square networks of
tetrahedrally coordinated sites within the
cubic close-packed anion lattice, as illustrated
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FiG. 1. Anti-PbO structure of Fe, ,4Se, showing the
planar square network of Fe atoms (solid circles) and
selenium atoms (open circles).

in Fig. 1. Despite the size of the chalcogens,
each metal atom has four neighboring metal
atoms at a distance that is larger than that in
elemental a-Fe by only 3, 5.5, and 7% in the
sulfide, selenide, and telluride, respectively.
Both the layer-like arrangement of metal
atoms and their proximity to each other might
be expected to influence the magnetic and
electrical properties of these compounds. The
excess metal atoms (x) occupy some of the
same octahedral positions that are found in
the more metal-rich Fe,As structure (3, 4).

Fe,..S and Fe, y,Se decompose on
heating at 410°K (/6) and 731°K (8), respec-
tively, into o-Fe and the stoichiometric
compound with the NiAs structure, and we
have investigated the transition of the
selenide by means of high-temperature Moss-
bauer spectroscopy.

Experimental

The samples were prepared from Johnson
Matthey specpure Fe and Se. The elements
were reduced in hydrogen and placed in the
individual arms of a W-shaped silica tube, and
the Fe was reduced for a second time in puri-
fied hydrogen at 630°K for ! day and 1270°K
for 1 day. The Fe was then magnetically
transferred in the Se section, which was then
sealed under hydrogen at a pressure of 13 Pa
(0.1 Torr), double sealed in a larger tube and
heated at 870°K for 1 day, and melted at
1350°K for 3 days with a flow of hydrogen
through the furnace. The product was cooled
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slowly and samples for conductivity measure-
ments were annealed for up to 2 weeks below
the transition temperature. X-ray powder
diffraction measurements on Fe; (,Se gave
unit cell dimensions of ¢=376.4 and ¢=
548.6 pm, in good agreement with those
reported earlier (8).

Most of the Md&ssbauer experiments were
done on a sample with an overall Fe/Se ratio
of 1.09 to ensure a composition at the phase
boundary with Fe. The iron in the sample was
enriched to 109, in >’Fe. To prevent surface
oxidation, the capsules were broken open and
the ingot ground under deoxygenated
hexane. Samples for the low-temperature
Madossbauer measurements were made up in
Apiezon grease to 10 mg (Fe) em™2. The
high-temperature Mossbauer sample [40 mg
(Fe) cm™?] was loaded under hexane into a
flat thin-walled silica capsule which was
sealed under 0.1 Torr hydrogen, and the entire
capsule was placed in the isothermal region
of a Ricor Mdossbauer furnace. The furnace
was dynamically pumped at high temperature
and was controlled to within 0.3°K by a
Ricor TC 4B controller. Spectra were
collected using a 25 mCi *’Co/Rh source, a
Harwell proportional counter and a Northern
Scientific NS900 multichannel analyser syn-
chronized to the triangular waveform of an
Exeter-type generator (/7) coupled to a
Goodman transducer. The spectra were
folded before computing. The isomer shifts
are quoted relative to iron metal at 295°K.

For the conductivity measurements [0 g
samples were prepared, and blocks 14 x 8 x
4 mm were ground under deoxygenated hexane
from the dense and somewhat polycrystalline
solidified melt. The four probes of copper wire
were tightly wound around in grooves cut in
the sample. The measurements were made
over a range of currents in a hydrogen
atmosphere.

Results and Discussion
Mésshauer Spectra

The most noticeable feature of the Moss-
bauer spectra was the complete absence of any
magnetic splitting at 4.2°K, as can be seen
from Fig. 2, indicating the absence of magnetic
ordering. The application of a magnetic field
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FiG. 2. Mossbauer spectra of Fe/Fe, ¢.S¢ from 4.2
to 723°K. At 773°K, above the phase transition, the
spectrum is that of FeSe (NiAs structure) and Fe. The
high-resolution spectrum at 4.2°K shows four of the
six lines of a-Fe with which the Fe, ¢4Se is at equili-
brium. Calculations showed that no enhancement of
the applied magnetic field occurred at the Fe nuclei
(bottom spectrum).

of flux density 5 Tesla did not produce an
internally enhanced magnetic field at the
nucleus such as would be expected if a normal
paramagnetic moment existed on the Fe
atoms, and the spectrum shown in Fig. 2 is
consistent with the applied flux density at the
nucleus of only 5 Tesla. Similar behavior was
found for Fe,.,S (/7) and indicates either that
the compounds are low spin and diamagnetic,
or that they possess Pauli (band) paramagnet-
ism, for which the moment would be too smali
to be detected in the applied-field experiment.
This is the first report of the isomer shift
(0) of tetrahedrally coordinated Fe in a
selenide, and the room-temperature value is
compared with those of the corresponding
sulfide and telluride in Table I. The values are
well below those found for oxides (/8) because
of the marked covalent character of the
bonding. The temperature dependence of the
isomer shift, which can be seen as a shift
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TABLE 1

MOsSBAUER PARAMETERS AT ROOM TEMPERATURE FOR
TETRAGONAL IRON CHALCOGENIDES

Isomer Quadrupole
shift splitting
(mmsec ') (mmsec™!) Reference
Fe, .S 0.35-0.37 —_ 10, 12
Fe, 04Se 0.47 0.26 this work
Fe, ,,Te 0.45-0.48 0.26 14,19

4 Relative to metallic iron.

towards lower values in the spectra shown in
Fig. 2, is plotted in Fig. 3. Unlike the sulfide
(10), the values for the selenide only become
linear with temperature (in accordance with the
high-temperature limit of the second-order
Doppler shift (/8)) at about 300°K, and this
reflects the increase in mass in going from the
sulfide to the selenide. The values for the
telluride do not become linear until about
400°K (/9). Hence, while we can legitimately
compare isomer shifts of the sulfide and
selenide, we would expect the room-tempera-
ture value for the telluride to be anomalously
low. This is indeed observed in the values
shown in Table I, and the series therefore
effectively shows a similar increase in isomer
shift from the sulfide to the telluride as does
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FiG. 3. Isomer shift and quadrupole splitting of
Fe; 04Se as a function of temperature up to 723°K.
The sudden increase in the isomer shift at 773°K is due
to the transformation from low-spin tetrahedral Fe(Il)
in Fe, 04Se to high-spin octahedral Fe(II) in FeSe.
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the only other comparable isostructural
series consisting of the marcasite type FeS,,
FeSe,, and FeTe, (6 = 0.28, 0.40, and 0.47 mm
sec™!, respectively) (20).

The value of the isomer shift of Fe, o,Se of
0.47 mm sec™! at 295°K is lower than the value
of 0.65-0.70 mm sec™! reported for Fe(Il) in
the octahedral sites of Fe;Segz (21, 22). A
slightly larger difference between tetrahedrally
and octahedrally coordinated Fe(Il) is found
in the comparable sulfides, where 6 =0.35-
0.37 mm sec™' for the tetrahedral sites of
Fe,,.S (10, 12) compared to 0.64-0.69 mm
sec™! for the octahedral sites of Fe,Sq (23, 24).
An even greater difference exists when the
comparison is made with FeS (6=0.76-
0.77 mm sec™') (23, 25). These differences
arise firstly from the change in coordination,
which increases the s-electron density at the
nucleus because of a higher proportion of s
character in the bonds in going from octahedral
to tetrahedral coordination, and secondly
from similar changes in going from non-
paramagnetic Fe(II) in Fe, .S and Fe; ¢,Se to
high-spin Fe(ll) in FeS, Fe,Ss, and Fe,Ses.
This is demonstrated by the higher isomer
shifts of high-spin tetrahedral Fe(1l) found in
Cu,FeSnS, (6=0.57 mm sec™') (26) and
(ZnFe)S, (6 =0.69 mm sec™!) (27) compared
to that in nonparamagnetic Fe,,,S (6 = 0.35~
0.37 mm sec™}).

From the discontinuity of the isomer shift
between 723 and 773°K (see Figs. 2 and 3) we
were able to show that the phase transition
to o-Fe and FeSe was consistent with
Gronvold’s value of 731°K (8) and that it did
not occur at 623°K as originally proposed by
Hirone (5). From Fig. 2, it can be seen that at
773°K the spectrum has broadened consider-
ably, resulting in a much smaller absorption.
This may be due to diffusional broadening
similar to that found in Fe,Se, (28). Also the
isomer shift has increased compared to the
value at 723°K. Because of the reduction in
intensity at 773°K, impurity peaks due to
Fe,SiO, formed by reaction of the silica with
residual oxygen through an iron oxide
intermediate had to be taken into account in
the computer fit, and four peaks of equal
halfwidth and intensity at the initial velocities
reported for Fe,Si0, (29) were included in the
fit. The resultant isomer shift of the selenide is
plotted in Fig. 3, and confirms the expected
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increase in going from tetrahedral Fe(Il) to
high-spin octahedral Fe(Il). The value is
slightly higher than that of Fe,Se, at the same
temperature (0.25 mm sec™ ') (28), as would be
expected by analogy with the sulfide series
FeS to Fe,S; referred to earlier.

The small value of the quadrupole splitting
implies a small deviation from cubic sym-
metry of the d (and possibly p) electrons in the
orbitals around the Fe. The quadrupole
splitting diminishes as the temperature is
raised, as can be seen from Fig. 3, possibly due
to thermal population of higher spin—orbit
levels or to changes in the lattice contribution.
In such a covalent-metallic compound, where
the formal charges on the Fe and Se atoms will
be very low, and where the tetrahedron of
selenium atoms is only very slightly tetra-
gonally distorted, it would be unlikely that
there would be a large lattice contribution to
the electric field gradient (EFG), thus ruling
out the possibility of the lattice and valence
terms being large and of opposite sign to
produce a small net effect. The observed
quadrupole splitting of 0.29 mm sec™' at
4.2°K is only about one-tenth of that pro-
duced by a single 3d electron (/&) and the
implications of this in terms of orbital
configurations will be discussed later.

The asymmetry of the peaks evident in the
spectrum at 4.2°K (see Fig. 2) was reduced to
some extent by grinding the sample with an
excess of boron nitride to prevent preferred
orientation. It is likely that the residual
asymmetry derived from the unresolved
contribution of the 4%, excess octahedral Fe
atoms.

Electrical Conductivity

Figure 4 shows the temperature dependence
of the resistivity of Fe, o,Se; this is positive
and characteristic of a well-behaved metal, in
contrast to the semiconductivity reported for
Fe,..S (/0) and Fe, ,,Te (14).

Several precautions were taken to ensure
that our measurements were characteristic of
Fe, 0.Se and were not influenced by other
phases. Firstly, the ingot prepared from the
melt at high temperature was not ground into a
powder, but was measured intact so as to
eliminate the possibility of the results being
affected by surface contamination or oxida-
tion. Such a possibility has been suggested by
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FiG. 4. Resistivity of Fe; ¢sSe as a function of
temperature.

Hulliger (30) in order to explain the unexpec-
ted semiconductivity reported for Fe, . .S (/0).

Secondly, the effect of the annealing time
and the Fe/Se ratio was investigated. The
Maossbauer spectra of samples annealed for
different times below the transition tempera-
ture of 731°K showed that the transformation
was substantially complete in a few hours.
The annealing times of 10-14 days used for
the conductivity samples were therefore more
than adequate. The transformation from
stoichiometric FeSe to Fe, ,,Se would prob-
ably proceed via the initial formation of an
intergrown matrix of Fe, o,Se and Fe,_,Se.
If metallic iron were present before the
transformation the Fe,_.Se would subse-
quently dissolve, losing selenium to the iron
and leaving a pure Fe, (,Se phase, possibly still
with excess metallic iron in isolated regions.
We compared the electrical conductivity of
samples with an Fe/Se ratio of 1.12 annealed
for 10 days at 570°K with that of the sample
of Fe/Se ratio 1.04 annealed for 14 days at
630°K, and found that the conductivity was
unchanged within the experimental limits,
eliminating the possibility of any contribution
from the iron phase regions, since metallic
iron has a room-temperature conductivity
nearly 2 orders of magnitude higher than the
present values. The ratio of the conductivity
at 77°K to that at 285°K was 2.85 and 3.10 for
the samples with an Fe/Se ratio of 1.12 and
1.04, respectively.

If selenium were in excess, Fe,_.Se would
remain intergrown with the Fe ,,Se. A
sample having an Fe/Se ratio of 0.96 was
annealed at 570°K for 10 days and exhibited a
room temperature conductivity approximately
six times that of the previous samples, and the
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aforementioned conductivity ratio was now
1.28. This effect is attributable to conductivity
via the intergrowths of Fe,_.Se, which has a
room-temperature conductivity several orders
of magnitude larger than that of Fe, ,,Se. (31)
and has a conductivity ratio of approximately
1.1, which, being lower than those previously
described, indicates that the conductivity of
Fe, 04S¢ has a larger metallic-like temperature
coefficient than Fe,_,Se. This confirms the
conclusion that Fe, o,Se is indeed metallic.

Bonding and Orbital Structure

From the presence of metallic conductivity
and the lack of any appreciable magnetic
moment even in the presence of an applied
field we can conclude that Fe, o, Se is Pauli
paramagnetic rather than diamagnetic or
Curie—Weiss paramagnetic. Therefore, we can
deduce that the Fermi level at 0°K lies within
a partly filled band and that the band or bands
containing the Fermi level are broad enough
to prevent correlation effects from resulting
in ferro- or antiferromagnetic behavior (32).

The results can be interpreted by either of
the orbital schemes shown in Fig. 5. The broad
lower and upper bands in each case have
basically (s~p) and (s—p)* character, respect-
ively, and in addition the Se 4d orbitals
overlap with the (s—p)* band. In the case of the
layer structure of Fe, o,Se, the Se-Se inter-
actions, which are included within these two
bands, must account for bonding between
adjoining layers of Se atoms. There is no
crystallographic evidence for localized 2-
centered Se-Se bonding, and each Se must
bond equally with the three neighbors in the
adjoining layer, as well as with the other 9 Se
atoms in the close-packed structure. The Se-Se
interactions might well be stabilized by ad-
mixture of the empty Se 44 orbitals with the
Se 45 and 4p valence orbitals, and we have
therefore included the 4d orbitals of Se in the
bonding scheme.

Of the two d orbitals of Fe that are stabilized
by the tetrahedral field, the d,, ,, orbital
overlaps directly with the d,,_,, orbitals of
the four close Fe neighbors, as illustrated in
Fig. 1 while the d,, orbital remains nonbonding
and localized.

The d,,, d,., and d,, orbitals will be broad-
ened by the antibonding interactions with the
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electron
accommodation
available per

predominant
components in
the bands or

orbitals Fe + Se
4d + (s,p)* 18
dy-dy, 4
dyy 2
d,2 2
de2_y2 2
(s,p) 8

Fi1G. 5. Possible schematic orbital structures for Fe, 4,Se. The predominant component atomic orbitals are
indicated by the heavy lines on the left of the figure. The orbitals are occupied by 14 valence electrons per Fe plus
Se. The levels arising from the 4 %, supernumerary iron atoms in octahedral sites are not shown.

Se s and p orbitals, and in addition the d,,
orbital will be lowered in energy by overlap
with the d,, orbitals on the eight neighboring
Fe atoms in the layer. There are a total of
14 valence electrons, of which 8 fill the valence
band, 2 the d,,_,, orbital and 2 the 4, orbital,
leaving 2 to occupy the upper orbitals.

The scheme shown in Fig. 5a is consistent
with metallic conductivity and Pauli para-
magnetism since two electrons partly fill the
broad (s—p)* conduction band. The upper 34
orbitals lie above the bottom of this band
and are unfilled. The scheme is therefore
independent of the width of the 3d bands, and
nicely explains the small observed quadrupole
splitting since the filled set of d,,_,, and d,,
orbitals generate no net EFG, apart from that
provided by small differences in the spatial
distribution of the orbitals due to delocalisa-
tion.

Alternatively, as in Fig. S5b, metallic
conductivity and Pauli paramagnetism could
arise if the upper 34 bands were both reason-
ably wide and overlapping and were below the
bottom of the (s-p)* band. Two electrons
would now partially fill the upper 34 bands.
In this case, the small quadrupole splitting
would be favoured both by significant overlap

and delocalisation of the d,,, d,., and d,,
orbitals.

Consideration of the orbital structure shows
that the 49, of supernumerary Fe atoms on
octahedral sites couid only render an other-
wise semiconducting material metallic if (i)
they formed a broad degenerate band system,
and (ii) the 4., band was separated from the
d.., d,; bands sufficiently for the degenerate
band to be inserted without significant overlap.

The splitting of the d,, band from the others
is unlikely to be so large, thereby disfavoring
this explanation.

Both schemes illustrated in Fig. 5 therefore
offer a satisfactory explanation of the observed
physical properties of Fe, ,Se. The relative
positions of the (s—p)* and upper d bands is a
matter of speculation which has been noted
in many other transition-metal chalcogenides
and pnictides (/, 33, 34). A possible experiment
to distinguish between the two models would
be to look for anisotropy in the electrical
conductivity of a single crystal of Fe, o,Se.
In the particular layer structure of Fe, ,,Se,
the absence of anisotropy would imply that
scheme (a) is the correct one, since the upper
3d orbitals do not extend between the layers.
Difficulty in achieving single-crystal growth
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below the phase transition has so far prevented
us from performing this measurement.

A comparison with Fe, ,, Te shows that for
this compound semiconductivity is exhibited
above the Néel temperature of 63°K, while
immediately below this temperature there is a
small increase in the conductivity (/4), possibly
associated with the crystallographic distortion
occurring at the Néel temperature (/5). At
lower temperatures, the conductivity continues
to increase slowly, which may be associated
with the effect of magnetic order on the
conductivity (/4). An acceptable bonding
scheme for the telluride has not yet been
advanced, and one which accounts for the
observed properties does not immediately
follow from the schemes proposed for the
selenide.

The orbital schemes discussed could account
for either metallic or semiconducting behavior
in the sulfide Fe,,.S. The observed semi-
conductivity could arise if the d,, band was
separated from the d,. and . bands by
stronger metal-metal interactions. The orbital
scheme proposed by Kjekshus et al. (12) places
10 valence electrons around each sulfur
(electron pair bonds to four Fe atoms and a
lone pair) leaving only four electrons per Fe
atom. Such a model is misleading for these
compounds, since the number of electrons
around each atom taken individually do not
have to be integral, and the present band
models account more naturally for the
observed electrical and magnetic properties.
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