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5TFe NMR study of layered chalcogenide Fe;S;g
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The paper presents the results of a nuclear magnetic resonance (NMR) study of the magnetically ordered phase
of layered chalcogenide Fe;Sg (pyrrhotite) on iron nuclei >'Fe in a zero external magnetic field in the temperature
range T = 4.2—295K. The obtained NMR spectra on the *’Fe nuclei represent several lines in the frequency
range Av = 30—50 MHz. The absence of iron ions in the Fe* state in Fe;Sg is proven. The presence of several
magnetically nonequivalent positions of iron ions, differing in the number and location of vacancies near them, is
detected. The rates of spin-spin and spin-lattice relaxation of the nuclear magnetic moments of 3’Fe are measured
in different frequency regions of the spectrum at different temperatures. Local magnetic fields on iron nuclei are
determined and the magnetic moment of Fe ions is estimated. It is shown that the STFe spectra in the Fe;Sg
chalcogenide can be interpreted in the 4C-type superstructure model. The results obtained in this work expand the
prospects for the use of NMR spectroscopy in the mining industry, in particular in the detection, separation and
real-time selection of ore fragments containing pyrrhotite Fe7Ss.
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1. Introduction

The compound Fe;Sg studied in this work belongs
to the family of iron sulfide minerals with the formula
Fe;_xS, where X varies in the range from 0 to 0.125.
Fe;Sg also has its own name — pyrrhotite along with the
initial composition with X = 0, troilite which is an FeS
mineral without vacancies in cationic layers. The largest
number of papers is devoted specifically to the study of
the compound Fe;Sg among the entire Fe;_xS series with
the ordering of vacancies in cation layers. Monoclinic
structure is a stable phase of this composition at room
temperature. It is a superstructure of the 4C-type ordering
[(2v/3)ag x 2ag x 4¢], which is described by the spatial
group C2/c (ap and ¢y are the parameters of NiAs lattice
cell) [1-4].

The crystal structure of pyrrhotite Fe;Sg consists of
completely filled layers of sulfur located between planes of
iron atoms (Figure 1). The latter have vacancies in every
second layer of Fe. The Fe magnetic moments are oriented
parallel to each other inside each plane, but antiparallel with
respect to the magnetic moments in neighboring layers. The
presence of vacancies in every second Fe layer leads to
incomplete compensation of magnetic moments and ferri-
magnetic order (the Curie temperature is about 590K [1]).
Recently, iron-based chalcogenides Fe;Xs (X =S, Se, Te)
have been of particular interest to researchers, since their
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magnetic properties strongly depend on substitutions both
in Fe sublattices [5,6] and in chalcogen sublattices [5].

For example, the replacement of iron in Fe;_yMyXg
(X =S, Se) with atoms of other 3d metals (M =Ti,
Co, V) leads to a decrease of magnetization and Curie
temperature [7,8]. At the same time, this is not observed
when Fe is replaced by chromium or manganese atoms.

It is quite difficult to get a detailed picture of the ordering
of vacancies in the iron layers. The analysis of hyperfine
magnetic interactions (HMI) in iron ions is a promising
direction in solving this problem. Mossbauer spectroscopy
using *’Fe isotope allows obtaining information about HMI.
The presence of vacancies in the iron layers leads to a
different immediate environment of a particular Fe ion,
which is reflected in different local magnetic fields on the
nuclei of these ions. In turn, this induces the occurrence of
several lines in the Mossbauer spectra, each of which will
correspond to a specific local field, and hence to a specific
immediate environment of Fe ions [9-11]. However, when
analyzing the Mossbauer spectra, it is necessary to take into
account the electric quadrupole interaction, since the excited
state of ’Fe has a nuclear spin | = 3/2. There is no such
problem in the case of nuclear magnetic resonance (NMR)
using a stable 3’Fe nucleus as an NMR probe, which has
a nuclear spin | = 1/2 and, therefore, does not enter into
an electric quadrupole interaction. The shape of the NMR
line of >’Fe nuclei directly reflects the distribution of local
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Figure 1. a) 4C-type structure and ordering of vacancies in pyrrhotite Fe;Sg. Iron cations in the layer of ordered vacancies are shown
without octahedra, and iron cations in the fully occupied layer are shown in the center of shaded octahedra FeS¢. Dotted lines indicate the
trigonal lattice cell C2/c, illustrating the repetition of four blocks of layers of iron and sulfur in the direction perpendicular to planes ab.
b) A layer of iron cations with ordered vacancies. c¢) A layer of iron cations without vacancies.

magnetic fields (Hjoc). For example, the values of Hjo in
tetrahedral and octahedral positions in magnetite (Fe3Oa)
differ by about 6%, and 3’Fe NMR lines for these two
positions are very well resolved [12].

It is reported in Ref [13] that an NMR signal was de-
tected on >’Fe nucleus in pyrrhotite Fe;Sg in a zero external
magnetic field at room temperature. The authors observed
one asymmetric peak at a frequency of v, = 42.03 MHz.
Unfortunately, they were unable to observe any other peaks,
and the relaxation parameters were also not determined.
Nevertheless, one of the conclusions of the study is the
assumption that the presented NMR spectroscopy method
can be appropriately adapted in the mining industry for the
real-time detection and selection of ore fragments containing
pyrrhotite [14,15].  For example, the nickel-rich mineral
pentlandite (Fe,Ni)oSg contains pyrrhotite. Recording of the
NMR signal at a frequency of 42.03 MHz, corresponding to
pyrrhotite, will indicate the presence of ore (Fe,Ni)9Sg. This
prospecting method can be used in the main nickel sulfide
deposits. We performed measurements in a wider frequency
range in this paper to search for NMR signals from >’Fe
nuclei, and we also studied the relaxation characteristics of
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the magnetic moments of iron nuclei. The data obtained are
necessary both for further fundamental study of Fe;Sg and
materials based on it, and for their practical application.

2. Samples and research methods

The polycrystalline sample Fe;Sg was obtained by solid-
phase synthesis in evacuated quartz ampoules. The mixture
of the initial elements was slowly heated to a temperature
of 950°C during a day and annealed at this temperature
for 2 weeks. After that, homogenization annealing was
performed at T = 800°C for one week, followed by slow
cooling. X-ray certification of the obtained samples was
conducted using Bruker D§ ADVANCE diffractometer with
CuKa radiation. Diffractograms of the studied sample of
pyrrhotite FesSg, as well as the results of measurements
of the field and temperature dependences of the sample
magnetization in the temperature range of 2—1000K are
presented in Refs. [16,17]. X-ray diffraction analysis of
a polycrystalline sample of Fe;Sg showed that it does
not contain extraneous phases, has a layered monoclinic
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crystal structure with a vacancy superstructure of 4C-type,
described by the spatial group C2/c with the lattice cell para-
meters a = 12.000(6) A, b = 6.989(3) A, ¢ = 22.801(0) A
and B =90.732°. These values of the crystal lattice
parameters are in good agreement with the previously
obtained results in the paper in Ref [18]. Measurements
of the temperature dependences of the magnetization of
Fe;Sg compound revealed a magnetic phase transition from
a ferrimagnetic state to a paramagnetic one at 590 K, which
was established earlier in Ref. [1].

NMR measurements on >’ Fe nuclei (natural abundance of
the isotope) were performed using pulsed spectrometer in a
zero external magnetic field in the temperature range from
4.2 to 300 K. NMR spectra on >’Fe nuclei were obtained us-
ing the standard spin echo technique p—tge— p—tqei—echo.
The copper coil with the sample had a diameter of 5 mm.
The pulse duration p = 1us was selected, the RF amplifier
power was W ~ 10—20 W.

The NMR spectra on *’Fe nuclei presented in this paper
constitute the integral intensity of the received echo-signals
accumulated in the required frequency range in steps of
Av = 200—-250kHz. The spectra were recorded with a
delay between pulses of t4qe =40us. The number of
accumulations at T = 77K was 6080 at each point and it
was 25000 at T = 295K. The pulse sequence was repeated
after 4 x T;, where T; is the spin-lattice relaxation time. The
achieved signal-to-noise ratio at the frequency corresponding
to the maximum of the NMR spectrum was at least 30. The
original program ,,Simul“ [19] was used to model the NMR
spectra, which makes it possible to numerically calculate
the shape of the line based on the complete Hamiltonian
of the nuclear system, taking into account the Zeeman
contribution [20,21].

The spin-spin relaxation time T, was measured at peak
maxima with a change of the delay time between pulses
t4er in the pulse sequence of the spin echo. The spin-spin
relaxation times were well approximated by the expression:

M(thel) =My x exp(—2tdel/T2). (1)

The spin-lattice relaxation times T; on °’Fe nuclei were also
measured at line maxima by inversion-recovery method.
The pulse sequence 2p—tjyy—pP—tgel—pP—tge—€ChO was
used with a constant delay of t4) = 40 us for measuring T;.
The number of points on the nuclear magnetization recovery
curve was at least 35. The recovery of nuclear magnetization
was well described by an exponential function in the entire
temperature range studied:

Mo — Mg (tiny)]/[Mo — Mz (tiny = 0)]
= exp(—tinv/Th), (2)

where My is the equilibrium value of the longitudinal
nuclear magnetization M;(t), i.e. at Mg = My (tiny = 00).

3. Results and discussion

The complexity of observing NMR on nuclei of iron
>TFe with spin | = 1/2 in the magnetically ordered state
of matter is attributable to the low natural abundance of
57Fe NMR isotope, which is only 2.1%, and very short
spin-spin relaxation times. Since the magnetic iron ions
inside the cationic layers are ferromagnetically ordered
in pyrrhotite Fe;Sg, the registration of the NMR signal
from the 3’Fe nuclei inside the domains and their walls
becomes possible due to the mechanisms of its significant
amplification [22,23].

Figure 2 shows NMR spectra on °’Fe nuclei in a
polycrystalline sample of Fe;Sg in a zero external magnetic
field at three temperatures: 4.2, 77, 295K. NMR spectra
on 3’Fe nuclei are in the frequency range characteristic
of iron ions in Fe?* state [15,23]. The frequency range
of Av = 20—80MHz was scanned during the experiments
and no other signals were detected besides those shown
in Figure 2, which indicates the absence of iron ions in
Fe3* state. This conclusion is consistent with the data
of Mossbauer spectroscopy [9-11], X-ray magnetic circular

H,., kOe
200 250 300 350 400

Intensity, arb. units

T'=42K

25 30 35 40 45 50 55
Frequency, MHz

Figure 2. NMR spectra on 'Fe nucleus at three temperatures of
42,77, 295K in a zero external magnetic field. The result of data
modeling with three lines are shown by the solid red line.
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The times of spin-spin T, and spin-lattice T; relaxations and the values of local magnetic fields at the location of *’Fe nuclei corresponding

to different frequency ranges of the NMR spectrum and temperatures

T,K Ty, ms T,, ms Hioc (Av1), kOe Hioc (Av2), kOe Hioc (Avs), kOe
Av; Av, Avy Av, 1 2 3 4 5
42 5.6 53 0.165 0.155 3412 3289 3143 2747 265.1 2238
77 16.1 149 8.38 836 339.8 3273 316.0 273.7 263.6 230.8
295 44 42 0.520 0.460 306.3 301.1 296.2 257.1 2512 —

dichroism [24,25] and the results of studies using powder
neutron diffraction [2].

Three subspectrums can be distinguished in the
NMR spectrum of *’Fe nuclei (let’s call them A, B
and C) in the frequency ranges of Av; = 40—50 MHz,
Avy, = 35-38MHz and Av; =31-34MHz. The NMR
spectra in the Av; and Av, ranges can only be modeled
using three and two lines, respectively. Local magnetic
fields Hiei = vi/>’y at the location of 3'Fe nuclei cor-
responding to different frequency ranges of the NMR
spectrum were calculated using the gyromagnetic ratio
of iron 37y/2x = 1.378 MHz/T. Here v; are the resonant
frequencies of the NMR lines (see Figure 2). The values of
these fields are listed in the table.

Figure 3 shows the dependences of the amplitude of
the spin echo M(2tg) on the doubled delay between
pulses t4e and dependence of the value (Mg — Mz (tiny))/
(Mg — My (tiny = 0)) on tipy in two sections of the NMR
spectrum of >’Fe nuclei at temperatures of 295 and 77 K.
The figure shows that both the amplitude drop M(2tg4e1) and
the values (Mg — My (tiny))/ (Mg — My (tiny = 0)) measured
in the frequency ranges of Av; and Av, at the same
temperature are quite close to each other. As is known,
the rate of spin-lattice relaxation 1/T; is proportional to
the square of the transverse component Hit, of the local
magnetic field on the nucleus [20,21]. Then the approximate
equality of H;L, for the nuclei at positions A and B, but
the difference of their values H;_  may indicate a slight
anisotropy of these fields on iron nuclei at least one of
the site.

The times of spin-spin T, and spin-lattice T; relaxation
were determined as a result of processing of dependen-
cies M(thel) and (M() — Mz(tin\,))/(Mo — Mz(tinv = 0)) by
functions (1) and (2). The data obtained are listed in the
table. It can be said based on the three temperature points
that the relaxation dependences are nonmonotonic in nature
and require further systematic measurements at intermediate
temperatures.

The value of the local field Hi,. = 301.1(4) kOe, corre-
sponding to the line 2 at room temperature was taken to
estimate the magnetic moment of iron ions corresponding to
the high-frequency NMR line (Av;). We obtain u ~ 2.38 up
using a simple relationship between the local magnetic field
on Hi,e nucleus and the ion magnetic moment u, Hioc = Au,
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Figure 3. Data from measurements of relaxation times T; and
T, in different parts of *’Fe NMR spectrum (Av; and Av,) at
temperatures of T = 295K and T = 77K in Fe;S;. a) The value
(Mg — Mz (tinv))/ (Mo — Mz(tiny = 0)) depending on the delay be-
tween pulses ti,,. The data approximation by expression (2) is
shown by solid curves. b) Dependence of the amplitude of the
spin echo M(2tgq) on the doubled delay between pulses tqq in
the pulse sequence of the spin echo. The data approximation by
expression (1) is shown by solid curves.

where A = —125kOe/up is a known hyperfine interaction
constant of 3d-electrons [26]. This value is in good
agreement with the results of papers in Refs. [1,2,27-30],
where u =~ 2.03—2.5ug. The low value of the magnetic
moment u and the absence of iron ions in the compound in
the Fe3* state indicate that pyrrhotite Fe;Sg is not described
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by a simple ion model assuming the existence of well-
localized 3d-electrons and, accordingly, localized magnetic
moments [1]. There is a critical value of the cation-
cation distance according to Ref [31], below which the
3d-orbitals of iron atoms overlap and partial delocalization
of 3d-electrons occurs. This critical value is 3 A for Fe;_«S
system and such small lengths of Fe-Fe bond are present
in pyrrhotite Fe;Sg (see [1] for example). The existence
of such bonds may increase the stability of Fe%‘z‘”Sé* ion
model [32].

The presence of three different frequency ranges of
Avy, Av, and Avsz, in which the NMR signal from
>TFe is observed, indicates the presence of at least three
substantially magnetically unequal Fe ions in Fe;Sg. The de-
composition with several values of hyperfine fields was also
used in studies using the Mossbauer spectroscopy [9-11].
The authors attribute these fields to the crystallographic
inequivalence of iron ions and the number of vacancies
near them. Theoretical and experimental studies of FeS
compound [31,33] show that the magnetic bond between
iron ions lying in the same magnetic plane is much weaker
than the interplanar bonds. Moreover, the interplane cation-
anion-cationic superexchange interaction prevails over the
cation-cationic interactions on ions with a more than half-
filled d-shell [31]. A rough model of magnetic interactions
was proposed in Ref [11], in which all intraplane cation-
cation interactions were neglected, and all predominant
interplane superexchange bonds Fe-S-Fe were considered
the same.

Let us consider qualitatively the ordering of vacancies
in the 4C-type superstructure shown in Figure 1. Such
a structure implies a sequential alternation of layers of
iron without vacancies and with vacancies ordered in a
certain way. Each iron ion has two vacancies in ,,its“ plane
in its immediate environment in layers where there are
ordered vacancies and none in its two neighboring layers
(the neighboring upper and lower layers have no vacancies,
see Figure 1). Moreover, there are two crystallographically
inequivalent iron sites A; and A in the layers with vacancies
(Figure 1,b). Their inconsistency is attributable to the
varying degrees of distortion of the sulfur atom octahedra
surrounding the iron ions at sites A; and Ay, as well as
the length of the Fe-Fe bonds. The presence of such
distorted octahedra FeSg has been noted in a number of
studies of Fe;Sg using various methods [2,9-11,32]. Each
Fe ion occupying the position A; or A, interacts with seven
Fe ions in the neighboring layer through nine superexchange
bonds: three with the nearest Fe ion and six with iron
ions arranged hexagonally around this nearest ion. At the
same time, vacancies do not affect iron in positions A
and A, since all intraplane interactions are so small that
they can be ignored [32]. This is also confirmed by the
Mossbauer studies [7,9-11,34], which showed that the local
magnetic fields are equal (Hjoc &~ 300kOe) on the Fe nuclei
at positions A; and A, in Fe;Sg and in the FeS troilite,
where there are no vacancies. The nonequivalence of the
lines corresponding to positions A; or Ay in the Mossbauer

spectra is most clearly manifested at low temperatures
because of the different temperature behavior of hyperfine
fields at each sites. The same value Hj,. =~ 300kOe was
obtained for iron resonating in the frequency range of Av;.
This makes it possible to assign the NMR spectrum at these
frequencies to the iron sites A; and Ay. The division of the
NMR spectrum in the frequency range Av; into three lines
can be attributed primarily to the positions A; and Ay, the
origin of the third line remains unclear. Nevertheless, the
existence of additional lines in the spectra may be caused by
the structurally inhomogeneous state of the polycrystalline
sample of Fe;1sSg. It should be noted that only one
asymmetric line was observed in Fe;Sg in the first NMR
study of >’Fe nuclei [13]. The reason for this asymmetry
has not been analyzed by the authors in any way.

Let us now consider the iron ions located in the planes
where there are no vacancies: sites B and C [11]. The
iron positions B have two vacancies in the immediate
environment in neighboring layers, ,diagonally located
along the directions [1, 1, 0] in the upper layer and along the
directions [1, —1, 0] in the lower layer. The iron positions C
have two diagonal vacancies in one adjacent layer like
positions B but only one vacancy is located directly above
(below) the sites C in the other adjacent layer. Iron ions
at sites B are bound to Fe ions in two adjacent planes by
fourteen of the eighteen possible Fe-S-Fe bonds due to the
presence of vacancies, and ions at sites C are bound to
Fe ions by thirteen such bonds. Therefore, we should expect
lower values of hyperfine fields for these ions in comparison
with the values for the subspectrum A. Consequently,
the resonant frequencies are also lower. Therefore, the
subspectrums B and C in the frequency range Av, and
Avy can be associated with iron nuclei at positions B
and C, respectively. It is noteworthy that there is some
discrepancy between the relative intensities of the lines A,
B and C. The total number of nuclei in positions B and
C is 1.14times greater than in positions A, and the total
intensity of the lines B and C is less than the intensity
lines A. Moreover, the intensities of the lines B and C
should be comparable in magnitude, since the quantity of
sites B and C is the same. However, this is not observed
experimentally. The possible reason is that the intensity
of the NMR spectrum strongly depends on a variety of
experimental details of spectral measurements. For example,
the sensitivity of our equipment decreases significantly in
the low frequency range, where NMR from iron nuclei is
observed at sites B and especially C. Moreover, both the
Q-factor of the oscillatory circuit Q and the gain factor n
depend on the frequency, which have a strong effect on the
intensity of the NMR signal. As a result, quite significant
discrepancies may be possible between the expected and
actual intensities of NMR lines when measuring spectra in
a wide frequency range.

Thus, the ’Fe spectra in Fe;Sg chalcogenide can be
interpreted, at least qualitatively, in the model of 4C-type
superstructure. At least, it is safe to say that vacancies
in Fe;Sg are distributed not statistically evenly, but in an
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orderly manner. Our results on local magnetic fields (see
table) are in good agreement with the data from studies
performed using Mossbauer spectroscopy [7,11,34]. A more
accurate identification of the lines corresponding to different
immediate environments of iron ions requires additional
other compositions and systematic NMR studies on 3Fe
nuclei as was done, for example, in Ref. [35].

This study also makes it possible to further optimize
the technology for detecting materials containing FesSeg,
since the NMR method on *’Fe nuclei can be appropriately
adapted to detect and select ore fragments containing
pyrrhotite. For instance, recording of NMR signals using
Carr-Purcell or Carr-Purcell-Meiboom-Gill pulse sequences
can be considered to increase the signal [36-38]. The
use of these sequences will significantly reduce the signal
accumulation time at the peak resonant frequency of
42 MHz.

4. Conclusion

An NMR study of layered chalcogenide Fe;Sg
(pyrrhotite) in a magnetically ordered state in a zero
external magnetic field was performed using 3’Fe nuclei as
NMR probes. The NMR spectrum on the >’Fe nucleus
is a line of complex shape with several maxima in the
frequency range of Av = 30—50MHz. The spin-spin and
spin-lattice relaxation rates of nuclear magnetic moments of
>’Fe have been determined at different frequency regions
of the spectrum at different temperatures. Analysis of
NMR spectra on 3’ Fe nuclei showed the presence of several
magnetically nonequivalent iron ion sites with different
number and location of vacancies near them. Local
magnetic fields on iron nuclei were measured and the
magnetic moment on Fe ions was estimated. Evidence of
the formation of a vacancy superstructure of the 4C-type in
Fe;Sg has been found.

The relaxation parameters of the nuclear magnetic mo-
ments of iron obtained in this study make it possible to
expand the use of NMR spectroscopy in the mining indus-
try, for example, for the detection, separation and real-time
selection of ore fragments containing pyrrhotite (Fe;Sg). In
particular, NMR can be used for the extraction of iron-nickel
pyrite, the ore of which also contains pyrrhotite. The use
of Carr-Purcell sequences or an improved version of Carr-
Purcell-Meiboom-Gill [36-38] will significantly reduce the
accumulation time of the NMR signal.
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