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The x-ray, Mossbauer and termomagnetic researches of pyrrhotites possessing high-temperature
A — peak (Ty = 310 °C) on curve dependence of magnetization on temperature — I (T) are lead.
The chemical compound and conditions of formation of such pyrrhotites is determined. It is
established, that samples with A — peak possessed the raised maintenance of sulfur in comparison
with pyrrhotites Fe,Ss and corresponded to structure Fe,,S (n=0.153). As has shown experiment,
these pyrrhotites are in a metastable phase condition and in due course (samples were observed
during 29 years) pass in a pyrite and a pyrrhotite of structure Fe,Ss (at the presence of an
atmosphere the Goethite and a szomolnokit was formed also). Because of quantum-mechanical
calculations of dependence of specific magnetization from temperature for various under-
lattices with various integral of exchange interaction good conformity of a settlement curve with
experimental is received. Calculations were made within the framework of model of a molecular
field for a two-sublattice ferrimagnetic.

Keywords: the pyrrhotite, a metastable phase, a szomolnokit, quantum-mechanical calculations, spin,
ferrimagnetic, a molecular field, magnetization.

Introduction

One of carriers of magnetism of rocks is the pyrrhotite (sulfides of iron Fe,, S (0 <n <0.125),
possessing structure such as NiAs) [1].

Magnetic properties of this mineral are in direct dependence on its history of formation, therefore
their studying is interesting to understanding of some problems of geomagnetism. These properties of
pyrrhotites are in direct dependence on temperature, pressure, crystal structure, a chemical compound,
and also on type of distribution of cationic vacancies on magnetic sublattice (i.e. from superstructure)
[3,7-9].

The pyrrhotite possesses structure with weak distortions in which the part of cationic positions is
vacant [1]. Hence, the mineral is similar to a form solution of cationic vacancies in pseudo-hexagonal
crystal structure. It is obvious, what even at a constant chemical compound the type of distribution of
vacancies can influence physical properties of a mineral essentially. In turn, distribution of vacancies

in structure depends on any sort of external influences and time [3,7-9].
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Formation of cationic vacancy breaks an electric neutrality of a molecule. There is a subsequent
nationalization of valent electrons and formation of distinct from zero of average on time of a
negative charge for vacant unit. The electric field on vacant unit also is responsible for interaction
between vacancies. Partly therefore metastable minerals at a constant chemical compound and
external thermodynamic parameters can pass their one superstructure in another, do not achieve yet
to a minimum of free energy [2,5]. It is obvious, that if external conditions change, distributions of
vacancies in structure also can change. The distribution of cationic vacancies is directly connected to
magnetic properties of minerals we shall note [1, 7-9].

At research of termomagnetic properties of artificial pyrrhotites on curve magnetization it can
be observed A — peak. We shall notice, that A — the peak on curve dependence I/, (T) at pyrrhotites
is observed at various temperatures depending on a chemical compound and conditions of formation
[3, 7]. For example, A — the peak on curve magnetization I/I, (T) (T, = 160 °C) at structure Fe, S
(n=0.099) occurs is a result of redistribution of cationic vacancies in basic planes of crystal structure.
The A — peak of magnetization (T, = 275 °C) at structure Fe, ,S (n=0.091) is a result of redistribution of
vacancies along a crystallographic axis “c” [5, 7, 8]. However A — the peak of magnetization at artificial
pyrrhotites (T, = 310 °C) until now up to the end is not investigated, though in the literature there is a
mention of this effect [3].

The purpose of work: to determine conditions of formation and a chemical compound of the
pyrrhotites possessing high-temperature (T, = 310 °C) A — peak on curve I/, (T). Establish the nature
of this phenomenon based on researches by x-ray methods and methods y — resonant spectroscopy to.
Representations a theoretical substantiation of the nature high-temperature A — peak to offer based on

quantum-mechanical.

Samples

Samples for researches prepared various methods. One series (a series “A”) samples have been
received by a method of dry synthesis because of sintering settlement quantity of sulphur and iron in
vacuum in quartz ampoules at temperature 1000 °C. Some of samples of this series were exposed to a
hardening in liquid nitrogen, and other part was slowly cooled up to temperature 20 °C with a speed
of 10°/minutes. Pyrrhotites of a series “b” turn out because of an annealing in 2/3 hours of a natural
pyrite (FeS,) in vacuum at temperatures from 400 up to 1000 °C. The pyrite was located in a long
quartz tube with pumping out of atoms of gaseous sulfur, stripping of a pyrite at heating. Samples of a
series “B” also would be cooled by various images. The part of samples was has tempered in flowing
water up to temperature 14 °C, and other part is cooled with a speed of 10 minutes up to temperature
20 °C. Accepting artificial, natural pyrrhotite of a various chemical compound (a series “B”’) were has

investigated also.

Experiment

All samples then were has exposed to x-ray research of structure on diffractometer DRON-3 with
radiation Co ( K,-radiation) and to the analysis of magnetic properties on thermoballistic installation in
a field 1000 oersted. Mossbauer of spectra was has removed with source Co*” in matrix Cr.

As a result of researches it is established, that high-temperature A — the peak on curves1/1, (T) is

characteristic for samples of series “A” and “Bb”, and in natural minerals was has not observed. We shall
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Fig. 1. Dependence of relative magnetization on temperature of pyrrhotites: (6) — synthesized at 1000 °C in
vacuum; (a) — as a result of thermal decomposition in vacuum of a pyrite at t=700 °C

notice, that in the literature also there are no data on natural pyrrhotites with similar properties though
for artificial samples given A — the peak on curve /I, (T) was already marked [3]. It is possible to
conclude, that this phenomenon is typical only of pyrrhotites in a metastable phase condition. On Fig. 1
dependences of magnetization (I) from temperature (T) samples of a series “A” and are submitted to
a series “B”.

For these samples typically presence A — peak on curve of magnetization I (T). The first sample
is synthesized at temperature 1000 °C the subsequent a hardening (Fig. 16), and the second sample is
received as a result of an annealing of a pyrite in vacuum at temperature 1000 °C and also tempered
then from this temperature. The chemical compound of samples with A — peak on curve magnetization
I (T) was has defined by the x-ray method offered Arnold [10] ¢ by account of comparative correction
factors. Appeared, that researched samples with A — peak on curve magnetization I (T) are more enriched
with ions of sulfur, in comparison with natural pyrrhotites Fe;S;. If in natural samples on each ion of
iron 1,14 ions of sulfur in the received samples of sulfur contained approximately 1,18 on each ion of
iron can have. Thus the chemical compound of pyrrhotites with A — peak on curve magnetization I (T)
can be submitted by formulaFe,_, S (n=0.152). It is necessary to note, that A — the peak at temperature

275 °C is observed at natural pyrrhotites of structure Fe, .S (n=0.091) [7], hence high-temperature A —
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Fig 2. The Structure of a reflex (102) pyrrhotites: (a) — with high-temperature A — peak; (6) — natural pyr-
rhotite Fe;Sg. X-ray reflexes (004): (c) — pyrrhotites of structure Fe,, S (n=0.152); (x) — a natural pyrrhotite
of structure Fe,Sg

the peak cannot be simply displaced A — peak of samples of a series “In” as possesses distinct from the
first A — peak properties and is characteristic for other chemical compounds.

On Fig.2a the structure of a reflex (102) pyrrhotites with high-temperature A — peak is submitted,
and on Fig.26 a structure of the same x-ray reflex of a natural pyrrhotite with Fe, ,S (n=0.12) .

Otor the X-ray reflex is maximum susceptible to syngonies of a pyrrhotite. The natural pyrrhotite
of this structure did not possess A — peak on curve magnetization I (T) and has monoclinic crystal
structure (an axis “c” has a deviation from 90°) [1]. On Fig. 3a and Fig. 36 are submitted x-ray a
reflex (004) pyrrhotites of structure Fe,_,S (n=0.152) and a natural pyrrhotite of structure Fe,_,S (n=0.12)
accordingly. This x-ray reflex is maximum susceptible to internuclear distances along an axis “c” a
pyrrhotite.

The analysis of the submitted x-ray reflexes allows to assume, that the crystal structure of
pyrrhotites of structure Fe,_,S (n=0.152) is deformed. Internuclear distances between ions of iron in basic

“ L3

planes (along an axis “a”) have wide disorder of values while along an axis internuclear distances
are practically constant and equal 2,83 A both at natural, and at artificial pyrrhotites. The crystal
structure is in an unstable power condition and free energy of her is has not minimized. Concentration
of vacancies in an elementary cell of artificial pyrrhotites exceeds maximum permissible value for a
stable phase condition.

On rice 4a the spectrum of the Mossbauer of monoclinic natural pyrrhotite Fe,S;, and on
Fig. 46 — a pyrrhotite of structure Fe,, S (n=0.152) with A — peak on curve magnetization I (T) is
submitted.

Spectra were has removed at temperature of liquid nitrogen for the best sanction of sextuplets.

In the first case the spectrum of the mossbauer of a monoclinic pyrrhotite will consist of three

— 256 —



on

s o« F -2 -1 49 1 2 4 5 6

Fig 3. The Spectrum of the nuclear y- resonance: (a) — natural pyrrhotite Fe;Ss; (6) — the synthesized pyrrhotite of
structure Fe,, S (n=0.152) with A — peak on curve magnetization I (T)
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Fig. 4. Dependence of relative magnetization on temperature. The first sublattice (sequence of data 3) with
exchange integral J;; = 8.41 - 10! Joules. The second sublattice (sequence of data 2) with exchange integral.
J,,=4.19 - 102 Joules. A sequence of data 3 — resulting magnetization
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resolved sextuplets corresponding to values of magnetic fields on nucleus of three under-lattices,
equal 24032, 20212, 18064 A/m. These values of local magnetic fields correspond to positions of
ions of iron without vacancies, with two vacancies and four vacancies in the second coordination
sphere accordingly [7-8]. Such positions of ions of iron can arise only in the event that vacancies are
located only in even or odd basic planes. The analysis of these spectra allows concluding, that in this
condition cationic vacancies are has ordered in even (0dd) basic planes. It corresponds to structural
transition B8-C6 in an intermediate stage. Calculation of population of positions in this structure
gives N, = 0,47; N, = 0, N, = 0,39, N; = 0; N, = 0,23. We shall note, that vacancies at the casual law
of distribution should have population N, = 0,21, N, = 0,3, N, = 0,31, N5 = 0,14, N, = 0,05 (Ny, N}, N,,
N, N, — population of positions without vacancies, with one vacancy, two, three and four vacancies
accordingly).

In spectra of the Mossbauer of pyrrhotites with A — peak on curve magnetization I (T) there is
no precise sanction of these sextuplets though it is possible to conclude, that positions of ions of iron
with two, to four and without vacancies obviously are present. It is possible to assume also from the
analysis of a spectrum, that except for the specified positions there are positions with one and three
vacancies at the second coordination sphere. Processing of a spectrum of a pyrrhotite forces to assume
presence of additional sextuplets in this spectrum. Satisfactory there approximated a spectrum by five
sextuplets with sizes of fields: 24032, 22120, 20212, 19513, 18064 A/m. cations in such structure have
accordingly 0,1, 2, 3 and 4 vacancies in the second coordination sphere. Calculation of population
of positions in an initial condition of the tempered samples is given with values N, = 0,41, N, = 0,10,
N, =0,25,N;=0,08, N, = 0,17. The obvious deviation of distribution of vacancies from the casual law
is has observed.

The estimation of population was has made under the analysis of relative intensity of sextuplets on
which the experimental spectrum of the Mossbauer decayed. These populations were compared with
expected for the casual law of distribution.

Thus, vacancies in structure of a pyrrhotite of structure Fe,_, S (n=0.152) are not located only in even
or odd basic planes and what — that their part is in the disorder condition. The partial missequencing of
vacancies reduces the total magnetic moment of under-lattices as in each of under-lattices ferromagnetic
spin ordering is realized, and between them — antiferromagnetic [1]. Thus, though samples with A — peak
on curve magnetization I (T) are more enriched with ions of sulfur in comparison with a monoclinic
pyrrhotite, nevertheless possess smaller value of specific magnetization.

It is necessary to note, that as a result of an annealing in vacuum of samples of structure Fe,_, S
(n=0.152) at temperature 350 °C during one hour with the subsequent slow cooling with a speed in 1
°/minutes up to temperature 20 °C pyrrhotites with monoclinic crystal structure of structure Fe, S
(n=0.12) in balance with a pyrite turned out. Magnetization of the samples received as a result of an
annealing grew and reached 18 Gs -cm’./g at temperature 20 °C though up to an annealing did not
exceed 12 Gs - sm’/g.

From the analysis of the experimental facts it is possible to conclude, that A — the peak on curve
dependence I(T) at temperature 310 °C to not speak ordering of vacancies in basic planes or between
basic planes along a crystallographic axis “B”. It cannot be explained also phase transition of a pyrrhotite
in monoclinic structure. Really, the monoclinic pyrrhotite can exist only up to 290 °C, and A — the peak

is observed at temperature 310 °C. Thus, neither distribution of vacancies to magnetic under-lattices,
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nor symmetry of an elementary cell at A — a pique does not change. Hence, it is necessary to assume,
that A — the peak on curve dependence I (T) is consequence of features of exchange interaction of the

magnetic under-lattices, caused by type of distribution of cationic vacancies on them.

Methods of calculation of defects

For the analysis of dependence of magnetization from temperature of each of sublattice, and also
magnetizations of a crystal, have been applied a method of a molecular field for the two-sublattice
ferrimagnetic to [6,11] structure of pyrrhotites in a metastable phase condition.

Let’s designate through f, g, the units of first and second sublattice. The size of concerning to first
and second sublattice, we shall designate 1 and 2. Through N;, S;, y; we shall designate numbers of
atoms in a sublattice, size a spin and the magnetic moment of atom of a grade i.

Generally
Ny # Ny, 8178y, i # 1y
so the magnetic moments of sublattice are various.
Resulting magnetization
M* =M +M;
where

M, =N,S u,0,

1

o; — relative magnetization on one unit in a sublattice i.

We shall write down a Hamiltonian of system as:
~ 1
H = _Mz<H’Sf)_ﬂzz<H’Sg)_Ezl(f1 _fz)(Sfi’sz)_
1
_Ezl(gl_gz)(Sgl’ng)_z](f_g)(sf,sg)

Where Sy, S,, — spin operators of atoms of the first and second sublattice,  — an external magnetic
field.

Considering a condition of a minimum of free energy: F =-9InQ

Where the statistical sum:
0=>exp(-E,/9) =Sp exp[— %J

where E, — own values of a Hamiltonian H and taking into account, that the module of initial
distribution is equal: ¢ = T
Having assumed, that in each of sublattice of a spin are focused in parallel each other, we shall

receive system of the equations

a, = w,H+J,,S,0, + |J12|S10'1
a, = mH+J, 5,0 +|J12|S20'2
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The system of the equations also represents the required equations of a molecular field for a two-

sublattice isotropic ferrimagnetic. Relative magnetization of ions of iron for each of sublattice will be

o, =1-5"B, (%J

o, =1-5,'B,, [%]

defined by the equations:

where

By, (%} — function Brillouin

Resulting magnetization of a crystal is caused by various distributions of cationic vacancies to
sublattice. Calculations of magnetization of nonstoichiometric sulfides of iron have been lead at various
temperatures and with various values of exchange integrals.

On Fig. 4 settlement dependences of magnetization on temperature are submitted: the curve of
dependence of relative magnetization sublattice with smaller value of exchange integral more flat
(sequence of data 2 on Fig. 5), than a curve sublattice with great value of exchange integral.

It is obvious, that cationic vacancies, settling down mainly on one of sublattice, change average
values of exchange integrals on this sublattice. Apparently from Fig. 4, it changes character of
dependence /], (T) for each of sublattice. As the size of full magnetic energy of a crystal does not
change (on a condition), the temperature of transition of a sample in a paramagnetic condition remains
constant, equal 340 °C. We shall notice that the total magnetic moment of each of sublattice depends
on concentration of cationic vacancies on it. In result, the more vacancies it is concentrated mainly on
one of sublattice, the it is more and magnetization of a sample.

As a first approximation, we shall consider two magnetic sublattice with an antiparallel direction
cnuHOB in everyone and excellent at each of sublattice of the total magnetic moment and integral of
exchange interaction. The analysis of dependence of specific magnetization from temperature of each
of sublattice within the framework of model of a molecular field has shown that if the exchange integral
is less at sublattice with great value of the magnetic moment she has more abrupt recession (Fig. 4,
sequence of data 3) near to temperature of the Curie. As a result of it in some point, total magnetization
of sublattice will address in a zero, and then some increase in magnetization (Fig. 4, sequence of data
1) will follow. On Fig. 4 curve dependences of specific magnetization on temperature sublattice with
exchange integral J;, = 8.41 - 10! Joules are submitted (sequence of data 3) and under-lattices with
exchange integral J,, = 4.19 - 10 Joules (sequence of data 2). Exchange integral between sublattice
there were equal J;, = J,; =6.11 - 10%' Joules. Let’s notice, that exchange integrals were defined by a
method of a molecular field in view of the experimental facts. From Fig. 4 (sequence of data 1), it is
visible, that the curve of total magnetization near to temperature of the Curie has A — peak on curve
dependence of specific magnetization on temperature. For presentation this curve of magnetization
is normalized not on unit, and on 0,5. We shall notice, that A — the peak on curve dependence of
specific magnetization is caused only by distinction of exchange integrals of magnetic sublattice. This
difference exchange interaction can be caused by the superfluous ions of sulfur introduced into crystal

structure and, as consequence, deformations of this structure. Ions of sulfur can delay on themselves
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Fig. 5. Dependence of magnetization on temperature. settlement curve (sequence of data 2) experimental curve
(sequence of data 1)

a part of ions of iron, creating additional cationic vacancies those results in turn in displacement from
equilibrium conditions of other ions of iron. These displacement can be excellent on sublattice, hence,
can differ and a configuration of electronic orbits, as results in a result in difference on sublattice of
exchange interaction. Clearly, that such structure does not possess a minimum of free energy, therefore
at transition of a pyrrhotite in a stable phase condition A — the peak on curve dependence I (T) vanishes.
It was reached as a result of an annealing of samples during one hour at temperature 350 °C. On
Fig. 5 conformity of a settlement curve (sequence of data 2) with experimental (sequence of data 1) is
submitted.

We shall notice, that this phenomenon (A — the peak on curve dependence of specific magnetization
ontemperature) experimentally was revealed earlier, however had no explanation. Within the framework
of the offered method, this result turns out naturally. On Fig. 5 this dependence is submitted, and
for comparison, the experimental curve is shown. Though some divergence between settlement and

experimental curves is observed, nevertheless, they are in good enough qualitative conformity.

Conclusions

As aresult of the lead researches conditions of formation of pyrrhotites with high-temperature A —
peakoncurvedependenceI(T) (synthesisinvacuumare established at 1000 °C with followingahardening
of samples), and their chemical compound — Fe,,S (n=0.152) is determined. As has shown experiment,
these pyrrhotites are in a metastable phase condition and in due course (samples were observed during
29 years) pass in a pyrite and a pyrrhotite of structure Fe,;S; (at the presence of an atmosphere the
goethite and a szomolnokit [4] was formed also). From the analysis of Mossbauer spectra, it is possible
to conclude, that vacancies of ions of iron are in structure in part in a missequencing condition, as
results in reduction of relative magnetization of initial samples. The mechanical calculations lead a
quantum within the framework of model of a Two lattices Ferrimagnetic have shown, that A — the peak
on curve dependence I (T) can be result of distinction of exchange integrals of magnetic under-lattices.
This distinction speaks ordering of cationic vacancies mainly in even basic planes of crystal structure.

Good enough conformity of the theory with experiment is has received.
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Cmamos onybnukoeana npu noodepoicke Ilpoepammer pazsumus Cubupckozo hedepanvrnoco

YHUBepcumema.
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HamMarHu4eHHOCTh NUPPOTHHA cocTaBa Feg,S
B paiione Touku Kropu
B.B. Onygpuenok, A.M.Cazonos

Cubupckutl hedepanvrblil yHugepcumemn,
660041 Poccus, Kpacnospck, np. C60600Hbi1L, 79

Ilposedensvt penmeenogckue, meccoayIposckue U mepmMoMAZHUMHbIE UCCACO08AHUSL NUPPOMUHOE,
obnaoarowux vicokomemnepamypuvim A-nukom (T, = 310 °C) Hna Kpusoii 3asucumocmu
Hamaenuyennocmu om memnepamypul — 1 (T). Onpedenen xumuueckuii cocmae u yciogus 06pa3068anus.
MAaKux nNUppoOmuHos. Ycmanoeaeno, ymo oopaszybsl ¢ A-nukom o61a0aiu NOGbIUEHHbIM COOePAHCaHUEM
cepvl no cpagrHeruro ¢ nuppomunamu Fe,Sy u coomeemcmeoganu cocmasy Fe,,S (n=0.153). Kak
NOKA3a IKCNepuMenm, dImu NUpPOMuHsl HAX00AMCs 8 MEMAcmMaOUILHOM (A3080M COCMOAHUU U CO
epemerem (00pasyvl HaOAOOAIUCL 6 Mmevenue 29 1em) nepexoosam @ NUpuUm u RUPPOMUH COCMAB8A
Fe;Ss (6 npucymcemesuu ammocgepvt 06pazoswisancs makoice 2emum u camonbHokum). B pesynromame
K6AHMOBO-MEXAHUYECKUX GbIYUCTICHUL 3A8UCUMOCIU YOENbHOU HAMASHUYEHHOCIU OM MeMNepamypbl
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OISl PA3TUYHBIX NOOPEULeMOK C PA3IUYHbIM UHIMESPATOM OOMEHHO20 63aUMOOCCMEUs NOAYUEHO
Xopouiee COOmeemcmaue paciemHuoll Kpugou ¢ IKChepumeHmanvHou. Pacuemuvl npouszeodunuce 6
PAMKAX MOOeIU MONEKYIAPHO20 NOJS 051 O8YXNOOPEUemOUH020 (heppumacHemuKa.

Kurouesvie crosa: cnun, nuppomun, RUpUm, CAMOIbHOKUM, 08YXNOOPEUEMOUNbII (heppoMacHemux,
MONEKYNAPHOE Nose, HAMAZHUYEHHOCb.




