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Miissbauer spectra have been recorded for single crystals of very nearly stoichiometric FeS and 
Feo.93 S at temperatures between 80 and 600’K. The spectra of nearly stoichiometric FeS indicate 
that the low-temperature 2C structure with spins ~ c preserves the spin orientation JC during the 
structural transformation to IC at r, (~420.K). However. because of a miscibility gap, a fe& 
percent of the high-temperature I C structure with spins c is present even at 300 K and the con- 
centration of this component increases with temperature. At r, (h445 K) the spins in the ICstruc- 
ture that are :c rotate to mL~. Tn Fe,,,,,S, the hyperfine splittings indicate that the rotation of the 
spins from : c to !~c at I70 K is a first-order process. 

1. Introduction 

The separate identity of the structural 
transition at T, and the magnetic transition at 
T, in FeS was established by neutron diffrac- 
tion in carefully annealed powder specimens 
of nearly stoichiometric material (I, 2). 
These measurements. however, were not able 
to identify the precise composition of the 
magnetic phases at temperatures close to 
T, and T,. 

The Miissbauer spectra of polycrystalline 
Fe,..,S have been studied extensively (3). 
Some Miissbauer studies have also been 
reported on a single-crystal of Fe,-,S of 
composition somewhat removed from stoi- 
chiometric (4). In contrast to these Miissbauer 
studies, the material used in the present work 
(a well-annealed single crystal of very nearly 
stoichiometric FeS) was sufficiently homo- 
geneous to allow the transitions at T, and 7; 
to be sharp and clearly separated, as indicated 
by magnetic susceptibility (5). This allows 
unambiguous identification of the nature of 
the magnetic phases at temperatures close to 
TX and r,. 

Powder neutron diffraction in nonstoichio- 
metric Fe,-,S indicated the presence of 
transitions below room temperature (I); such 

transitions had not been examined by M&s- 
bauer spectroscopy prior to the present work. 

2. Experimental Procedure 

Single crystals of Fe,,,,,S and Fe,.,,S were 
grown by the Bridgman method in sealed 
evacuated silica capsules. The Fe,,,,,S and 
the Fe 0.9jS crystals were annealed at 850°C 
for IO days and at 600°C for 8 days, respec- 
tively. The details of their preparation and 
characterization are given in (5). For deter- 
mination of Massbauer spectra, plates were 
cut from the same boules that were used in 
magnetic susceptibility, DTA, and thermo- 
electric power measurements (5). The plates 
were cemented to glass slides 0.003 in. thick 
and were thinned to from 0.002 to 0.001 in. 
thick. Miissbauer spectra were obtained at 
temperatures between 78 and 600°K using a 
spectrometer with a source of “Co in a Cu 
matrix and with constant acceleration drive. 
Temperatures were controlled to within less 
than &0.5”K. The spectra were computer fitted 
to a given number of Lorenzian lineshapes 
with correction for a parabolic background 
by a least-squares iterative procedure. Line 
positions and half-widths were allowed to 
float freely except in the case of a few lines, 
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FIG. 2. MBssbauer spectra of single-crystal FeO.& 
for y-ray I’C direction. Line positions and widths were 
allowed to float freely in the computer fit, except for 
lines marked c where the half-widths were constrained. 

marked by c in Figs. la-c and Fig. 2, where the 
half-widths only were constrained. The veloc- 
ity scale was calibrated before or after every 
spectrum using metallic iron powder as 
standard. The average width at half-height of 
the lines in the iron spectrum is 0.33 mm/set, 
approximately the same as in the spectrum of 
Fe 0.996. 

3. Results and Discussion 

3. I. Mijssbauer Spectra in Fe,,,,,S 
To first order, the relative intensities of a 

MGssbauer magnetic hyperfine spectrum are 
(3:0: I) for spins 1, the y-ray direction and 
(3:4: 1) for spins 1 the y-ray direction. 

The Massbauer spectrum at 300°K of 
Fe U,99hS oriented with the c-axis ‘1 the y-ray 
direction (Fig. la) shows weak lines (2, 5, and 
1’) in addition to the four strong lines (1, 3, 4 
and 6) anticipated for spins I/ the y-ray direc- 
tion and ! c in the 2C structure. Lines 2 and 5 

result both from a slight misorientation of the 
crystal and the fact that the y-rays are not 
perfectly collimated, whereas line I’ arises 
from the high-temperature hexagonal I C 
phase. With increasing temperature the rela- 
tive intensity of this line increases and simul- 
taneously line 6’ resolves from line 6. Figure 
1 b (418°K) shows that the concentration of the 
high-temperature phase, as indicated by the 
relative growth of the primed peaks, increases 
dramatically at T, and that at 421°K all of 
the 2C structure appears to have transformed 
to this phase. 

The relative intensity of peaks 1’ and 6’ to 
2’ and 5’ in the spectrum taken at 408°K (Fig. 
la) indicates that the spins are Ic in the 
high-temperature 1 C phase. This is compatible 
with the phase diagram (see Fig. I in 5) on 
two counts: first, the miscibility gap allows 
for the crystallographic coexistence of these 
two phases (IC and 2C) of distinct compo- 
sitions, and second, the x-dependence of the 
boundary T,(x) accounts for the growth of 
the IC component with increasing tempera- 
ture from its traces (peak I’) at 300°K. 

Furthermore, for a small temperature 
interval, between about 413°K and 421 “K 
(T,), there is coexistence of the three magnetic 
phases (2C with spins lc, IC with spins ~ c, 
and 1C with spins ic), again in agreement 
with the phase diagram. 

Once above T, however, the changeover 
from I C-‘lc to I C-lc does not occur abruptly 
at the 7’,(x) corresponding to the nominal 
composition, but is rather gradual as witnessed 
by the relative intensities of peaks 1’ and 6’ to 
peaks 2’ and 5’ in Fig. I b and c; this pro- 
gressive transition results from a small spread 
in composition around the nominal one since, 
as pointed out in the magnetic anisotropy data 
(5), the spins do not rotate gradually over a 
temperature interval but flip locally [at T,(x)] 
by 90.. 

The foregoing results are summarized in 
Fig. 3, where the relative spin concentrations 
estimated from the area under their respective 
spectra are plotted as a function of tempera- 
ture. Andresen and Torbo (I) monitored the 
powder intensities of the (2151) neutron 
lattice superreflection and the neutron mag- 
netic (0001) reflection. However, from their 
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TEMPERATURE ‘C 

FIG. 3. Relative spin concentrations in Feo.os6 S a; a function of temperature , 

results, they were not able to identify the respective quadrupolar shifts. In Fig. 4 are 
growth of the I C component with spins I,c at shown the shifts defined by (a) &[( V, - V,) - 
7, (Fig. 3). ( V6 - V,)] for the 2C structure, and (b) 

The above structural and magnetic trans- $[( V,’ - V,‘) -~ ( Vh’ - V,‘)], and (c) I[( V,’ - 
formations, while readily traceable via the V,‘) - ( V,’ - V,‘)] for the 1 C structure, where 
relative peak positions and intensities, also V is the velocity in millimeters per second of 
can be followed through the changes in the the respective line. 

+04 r 
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320 340 

TEMPERATURE “K TEMPERATURE “K 

FIG. 4. Quadrupole shifts in Feo.s96 S; (a) 2~ in 2Cstructure, (b) and (c) 2~ in high-temperature:phase, as defined 
in text. 

380 400 420 440 460 



M~SSBAUER EFFECT IN Fe,-,S 47 

Below T,, in the 2C structure, the quadru- 
pole shift (a), Fig. 4, is negative and approxi- 
mately constant with temperature: here the 
spins are I!(‘. At T,, the absolute magnitude of 
the shift decreases slightly as the 2C structure 
transforms to the high-temperature I C phase 
with spins ~c. 

At temperatures between 300 and 400”K, 
the spins are lc in the minor high-temperature 
IC phase, and the quadrupole shift (h) is 
positive (Fig. 4). At T,, the 2C structure 
transforms to high-temperature I C phase with 
spins ~ c, with a negative quadrupole shift; the 
two spin components in the high-temperature 
IC phase now coexist above T,, but the indi- 
vidual lines of each hyperfine component are 
too broad to be separately resolved. There is 
therefore an apparent decrease in the value 
of(b) at TX (~420’K): see Fig. 4. Because of 
this coexistence above T, of spins 1~ and J.-c 
in the high-temperature IC phase, and the 
fact that the position of lines 2’ and 5’ depend 
only on the component with spin 1~ (whereas 
the position of lines I’, 3’, 4’ and 6’ depend on 
both spin components), curve (h) does not 
coincide with curve (c) in this temperature 
range. At T,. the value of(b) increases as those 
spins that are I’ in the high-temperature IC 
phase rotate to ic. Finally, above r,, when 
all the spins are l-c, curve(b) is approximately 
coincident with curve (c). 

The coexistence of two phases below T, was 
noted previously by Thiel from Mossbauer 
measurements on polycrystalline FeS (3). A 
coexistence of two phases has also been 
observed, by Mossbauer spectroscopy, at the 
first order phase transition in NiS doped with 
Fes’ (6). 

Also available from Mossbauer spectra, the 
magnetic hyperfine splitting drops sharply at 
T, from about 290 kOe below T, to 2.50 kOe 
above T,. The decrease is due at least in part 
to a decrease in the Fermi-contact term 
corresponding to the fall in exchange energy 
at T, noted earlier with the magnetic suscep- 
tibility (5). The change in the dipolar contri- 
bution to the hyperfine field is likely to be 
small as the spins remain ~c through the 
transition. There appears to be no significant 
change in hyperfine splitting at T,. 

The isomer shifts of Fe,.,,& Fe,,,& and 

TABLE I 

IWMEK SHIFT AI 300 K VERSUS COMPOSITION 

I.S.mrn!sec (with respect to iron) 

at 300 K 

Feo.9q,S 
Fco.s~S 

Fe, S, 

0.74 

0.69 

0.66” 

’ Ref. (8). 

Fe,& are shown in Table I. Hazony (7) has 
related the I.S., quadrupole splitting, and 
magnetic hyperfine splitting, of a series of 
Fe” compounds including FeS by allowing 
for differential expansion off rm3 for tzc, and 
et, 3u’wavefunctions with increasing covalency. 
In this approach. Fe in FeS is considered to be 
divalent and relatively covalent. While this 
works well for quadrupole splitting and 
isomer shift, in order to be consistent he 
requires a positive sign of magnetic field at the 
Fe nucleus in FeS. However, the sign of the 
magnetic field in ferrimagnetic Fe,& is 
negative as in Fe metal (8) and the similarity 
of the chemical bonding in FeS and Fe& 
shown by the proximity of the isomer shifts 
Table I. means that almost certainly the sign 
of the internal field in FeS is in fact also nega- 
tive. The absolute magnitude of the hyperfine 
field (-300 kOe) does not vary greatly in the 
range FeS to Fe&, and it is unlikely that any 
of the three contributions to the hyperfine 
field, Fermi contact, dipolar, and orbital 
fields could vary sufficiently in this range to 
produce a difference in sign in their algebraic 
sum. 

The above suggests that other factors need 
to be considered in the phenomenological 
approach proposed by Hazony. 

The isomer shift of Fe,,& decreases 
slowly with increasing temperature and reaches 
about 0.62 mmjsec at 400’K. There is no 
abrupt decrease in I.S. at T,, in agreement 
with (3), giving no evidence for a sudden 
delocalisation of the d electrons at T,. We also 
deduce that the contribution of covalency to 
the change in hyperfine field at T, is negligible. 

Unrelated to the above description is the 
anomalous intensity of peak 3 in Fig. I : this 
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FIG. 5. Massbauer hyperfine field versus temperature for Fe,,&. 

results from absorption by stainless steel in 
the faces of the temperature cell. It does not 
occur in the spectrum at 300°K where the 
sample was not in the cell, nor is it apparent 
in the spectra of Fe,.,, S where the number of 
counts is lower (Fig. 2). This absorption is 
taken into account in the analysis. 

3.2. Miissbauer Spectra in Feo.& 

Some of the Miissbauer spectra recorded on 
single crystals of Fe,.,,S oriented with the 
c-axis j’ the y-ray direction are shown in Fig. 2. 
The rotation of the spins from i/c to Ic at 
T u 170°K is quite apparent. In the transition 
region, which is no more than 6°K wide 
(Fig. 5), the relative intensities of the hyperfine 
pattern indicate a coexistence of the two spin 
configurations. The magnetic hyperfine split- 
ting drops sharply at T, (Fig. 5), indicating a 
first-order transition. The quadrupole shift 
defined by 2~ = ${( V3 - V1) - (V, - V,)} 
changes sign at T, as the spins rotate. 

It is not known if the iron vacancies in 
Feo.93 S are ordered at T, as there have been 
no X-ray measurements in this temperature 
range. However, at room temperature our 
X-ray measurements indicate the presence of a 
5C hexagonal superlattice. The Mijssbauer 
lines are broad, the average width at half- 
height is 0.55 mm/set, and it is not possible 
to discern a regular splitting pattern such as 
is the case in Fe& where the vacancies are 

ordered in a 4C superlattice (8). This may be 
due to the fact that the many different sites 
in the 5C superlattice have parameters too 
close to allow resolution; a model for 5C 
Fe o.,,JS has been proposed by Schwarz and 
Vaughan (9). 
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