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Abstract: The phase equilibria in the FeS-FeGa,S;-FeGalnS, system were studied using the differential
thermal and X-ray diffraction phase analysis. The projection of the liquidus surface and the isothermal
sections of the phase diagram at 1200 and 900 K were constructed. It revealed that it belongs to quasi-
ternary systems with monovariant eutectic and peritectoid equilibria. At 1200 K, the system was
characterized by the presence of a continuous series of solid solutions along the boundary system FeGa,S,-
FeGalnS, (p-phase) as well as solid solutions based on the high-temperature modification FeS (a-phase)
which formed a wide two-phase region o + B. The FeS-FeGa,S, boundary system was characterized by the
formation of the Fe,Ga,Ss ternary compound at 900 K. This compound formed Fe,Ga,Ss+p and Fe,Ga,Ss+
a+f heterogeneous regions below this temperature which significantly narrowed the two-phase region o +

p.
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Introduction

Compounds of AByXs- type (A-Mn, Fe,
Co, Ni, Ge, Sn, Pb, B-p' or p*element, X-
chalcogen) and phases based on them are
valuable functional materials with
thermoelectric, photoelectric, optical, magnetic
and other properties [1-8]. In recent years, it has
been established that some compounds of this
type with a layered structure such as tetradimite
are topological insulators and extremely
promising for practical applications, ranging
from spintronics to safety systems and medicine
[9-13]. It is known that the intensive
development of a new scientific field -
spintronics is associated with the possibility of
transferring the oriented electron spin from a
ferromagnet to a semiconductor. The above
compounds also apply to materials promising
for the specified area [14-16]. In [17, 18]
published recently, the MnBi,Te; compound,
the first antiferromagnetic topological insulator,
was described.

The development and optimization of the
synthesis of new complex phases are based on
data on phase equilibria and thermodynamic

characteristics of the corresponding systems
[19-24].

The paper explores phase relations in the
FeS— FeGa,S,-FeGalnS, system. The initial
compounds of this system were studied
thoroughly.

The FeS compound melt congruently at
1461 K and undergo polymorphic transitions at
411 and 588 K [25]. The high-temperature
modification of FeS crystallized in a tetragonal
structure  (Sp.gr.P4/nmm)  with lattice
parameters a = 0.3768 nm, ¢ = 0.5039 nm [26]
or a =0.36735 nm, ¢ = 0.50328 nm [27], while
the low-temperature modification has a
hexagonal structure: a = 0.34436 (1) nm, ¢ =
0.57262 (2) nm [28].

According to [29], the ternary compound
FeGa,S, melts congruently at 1418 K
According to [30], it is formed by the peritectic
reaction at 1343 K and undergoes a
polymorphic transformation at 1283 K. In [31]
it was shown that FeGa,S,; crystallizes in a
rhombic structure of the ZnAl,S; type with
lattice parameters a = 1.289 nm; b = 0.751; ¢ =
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0.609 nm. According to [32], this compound
exists in two crystalline modifications: the low-
temperature compound has a trigonal one
(Sp.gr. P3ml, a = 0.3654 (2) nm; ¢ = 1.20556
nm), and the high-temperature - rhombic (a =
1.289; b = 0.751; ¢ = 0.609 nm) structure.

The FeGalnS; compound also melts
congruently (1375 K) and has a trigonal
structure of the ZnAl,S, type (Sp.gr.P-3m1l)
with parameters: a = 0.37765, ¢ = 1.22257 nm
[33, 34].

The boundary quasi-binary components
of the FeS-FeGa,Ss;-FeGalnS, system were
studied in [29, 33]. According to [29], the 2FeS
— FeGa,S,4 system is eutectic type. The eutectic

had a composition of ~ 53 mol% FeGa,S, and
crystallized at 1328 K. The Fe,Ga,Ss compound
is formed by a solid-phase reaction at 1043 K.
According to [33], the 2FeS — FeGalnS, system
also has a eutectic type phase diagram. The
eutectic coordinates are 63 mol% FeGalnS, and
1310 K. The FeGa,Ss-FeGalnS, system is
characterized by the formation of a continuous
series of solid solutions between FeGalnS, and
the low-temperature modification of FeGa,S4
[33]. It is assumed that the formation of solid
solutions leads to a sharp increase in the
temperature of the polymorphic transition
FeGa,S; (1327 K) and the establishment of
peritectic equilibrium at ~ 1410 K.

Experimental part

2.1. Materials and synthesis

The initial compounds FeS, FeGa,S, and
FeGalnS, were synthesized using high-purity
iron (99.995%), indium (99.999%), gallium
(99.999%) and sulfur (99.99%) purchased from
Alfa Aesar.

Stoichiometric mixtures of elements
were placed in a quartz ampoule which was
evacuated to a residual pressure of ~ 10? Pa.
The syntheses were carried out in a two-zone
furnace. In the case of FeS, the lower “hot” zone
was slowly heated from a room temperature to a
temperature of 1400 K, and for FeGa,S, and
FeGalnS; compounds it was 30-50 K above
their melting points, and part of the ampoule
outside the furnace was cooled with water
(“cold” zone). The interaction of the
components occurrs in the “hot” zone, and in
the “cold” zone, the chalcogen condenses and
returns to the interaction zone. As a result of the
reaction in the "cold" zone, the mass of
chalcogen gradually decreased and within 1-2
hours it is consumed almost completely. After
that, the ampoule was completely placed in the
oven and kept at the indicated temperature for
2-3 hours. The obtained samples were subjected
to heat treatment at 800 K for 100 hours in order
to increase the crystallinity of the synthesized
compounds.

The alloys of the studied system were
prepared through melting pre-synthesized
compounds in evacuated quartz ampoules. The

alloys were first annealed at 1000 K (100 h),
then at 900 K (300 h) and cooled in a switched
off the furnace. Some alloys, after heat
treatment at 1200 K or 900 K, were quenched in
cold water.

2.2. Methods

The differential thermal analysis (DTA)
and X-ray powder diffraction technique (XRD)
were used for the analysis of samples. DTA was
carried out using the NETZSCH 404 F1 Pegasus
system from room temperature to ~ 1450 K,
depending on the composition of the alloys at a
heating rate of 10 K-min™. Thermal effects
temperatures were determined mainly from
heating curves. The temperature accuracy was =+
2 K.

Powder X-ray diffraction patterns were
recorded on a Bruker D2 Phaser diffractometer
using Cu Koy radiation at room temperature.

According to DTA, the synthesized
compounds melt at 1460 K (FeS), 1420 K
(FeGa,S,) and 1375 K (FeGalnS,). Our data are
consistent with published data [25, 29, 33]

X-ray diffraction patterns of the
synthesized compounds also showed the
formation of single-phase materials. The

calculated lattice parameters of hexagonal FeS
(a = 0.34440 nm, ¢ = 0.57260 nm), trigonal
FeGa,S, (a = 0.36543; ¢ = 1.20558 nm) and
FeGalnS, (a = 0.37765, ¢ = 1.22257 nm) are
good consistent with published data [28, 30,
34].
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Results

Combined analysis of the obtained
experimental data allowed us to obtain a general
scheme of the phase equilibria, including
isothermal sections at 1200 K and 900 K,
polythermal sections 2FeS- [A], FeGa,Ss- [B]
([A] and [B] alloys with “FeGa;slngsSs” and
“Fers GaoslngsSs” compositions, respectively)
of the phase diagram as well as the projection of
the liquidus surface (Figs. 1-4).

According to the data obtained, the
FeS-FeGa,S4-FeGalnS, system referrs to quasi-

ternary systems with monovariant eutectic and
peritectoid equilibria.

Isothermal sections at 1200 K and 900
K. Continuous solid solutions along the
boundary system FeGa,Ss-FeGalnS, (p-phase)
are in connod tie with solid (a) solutions based
on the high-temperature modification of FeS
and form a two-phase region o+, which at
1200 K covers the entire area of the
concentration triangle (Fig. 1a).

2FeS

(#4
T=1200K
20/

S 40/

80/ \
/” A
FeGa.S,

Below 900 K, in the FeS-FeGa,S,
boundary system, there is a ternary compound
Fe,Ga,Ss formed by the solid-phase reaction
between FeS and FeGa,Ss. This leads to the
formation of Fe,Ga,Ss+p and o+B+Fe,GasSs
phase regions. The isothermal section at 900 K
clearly demonstrates this (Fig. 1b).

Phase fields on both isothermal sections
are confirmed by powder XRD analysis. As an
example, Fig. 2 presents powder diffraction
patterns of two annealed alloys (Fig. 1b,
samples # 1 and # 2) with the reflection lines of
the phases coexisting in them. As can be seen,
alloy # 1 consists of a two-phase mixture of FeS
(low-temperature modification) and the p-
phase. Sample # 2 is three-phase - FeS +

FeGalnS, FeGa,S,

2FeS

o
T=900K
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40/ \  S-Fe,Ga.S.
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N
N

60/ |
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Fig.1. Isothermal sections of the FeS-FeGa,S4-FeGalnS, system at 1200 K (a) and 900 K(b).

Fe,Ga,Ss+B. A comparison of the reflection
angles with the diffraction patterns of alloys of
the FeGa,S,- FeGalnS, side system showed that
the B- phase in both samples has a composition
of ~50 mol% FeGalnS4, which is in accordance
with Fig. 1b.

The liquidus surface (Fig. 3) consists of
three areas corresponding to the primary
crystallization of the o, p and pB’- phases (B’ -
solid solutions based on the high-temperature
modification of FeGa,S,). The last two areas are
delimited by us conditionally (PP, dashed line).
P1P, curve refers to monovariant peritectic
equilibrium

L+p’ <> P )

CHEMICAL PROBLEMS 2020 no. 2 (18)



FM. MAMMADOV 217

>
-
w

Fig. 2. Powder diffraction patterns of alloys # 1 and # 2 showed on Fig.1

The fields of primary crystallization of o- curve with the monovariant equilibrium
and B- phases are separated by the e;e, eutectic L & atp (2)
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Fig.3. Liquidus surfaces projection of the FeS- FeGa,S,- FeGalnS, system

Polythermal section FeGa,S, - [B] (Fig. 5). The liquidus of this section consists of three
curves, which from left to right correspond to the primary crystallization of B’-, - and o~ solid

solutions. The formation of B’-and - phases is accompanied by a sharp increase in the temperature

of the polymorphic transition FeGa,S,; (from 1330 K to ~ 1410 K) and the establishment of
peritectoid equilibrium (1).

1407

\|

Fig. 4. Polythermal section 2FeS- [A] of the FeS- FeGa,S4- FeGalnS, system
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Polythermal section FeGa,Ss- [B] (Fig. 5). The liquidus of this section consists of three
curves, which from left to right correspond to the primary crystallization of B’-, B- and o- solid
solutions. The formation of B’-and - phases is accompanied by a sharp increase in the temperature
of the polymorphic transition FeGa,S, (from 1330 K to ~ 1410 K) and the establishment of

peritectoid equilibrium (1).

14008
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FeGaSs, 20

Fig. 4. Polythermal section FeGa,S,- [B] of the FeS- FeGa,S,- FeGalnS, system

The intersection point of liquidus curves
of o and B- phases corresponds to the beginning
of a monovariant eutectic reaction (2). During
this reaction, a three-phase region L+o+f is
formed, and upon its completion, a two-phase
region a+p is formed.

According to our data (Figs. 1, 4, 5), the
homogeneity regions of the o and p- phases of
the above sections are maximum at the eutectic
temperature (1310-1330 K) and amount to 6-7
mol%.

Conclusion

Based on the experimental data, we
obtained a general scheme of phase equilibria in
the FeS-FeGa,S4-FeGalnS, system, including
the projection of the liquidus surface, two
polythermal sections, and isothermal sections of
the phase diagram at 1200 and 900 K. At 1200
K, the system is characterized by the presence
of a continuous series of solid solutions along
the side system

FeGa,Ss-FeGalnS, (B-phase) and a-solid
solutions based on the high-temperature
modification of FeS, which form a wide two-
phase region a + B. At 900 K, the Fe,Ga,Ss
compound is involved in phase equilibria, which
leads to the formation of heterogeneous regions
Fe,Ga,Ss+ u FeS+Fe,Ga,Ss+f. The results can
be used to develop new magnetic materials
based on B-solid solutions.
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FeS-FeGa,S,-FeGalnS, sisteminds faza

tarazligi tadqiq edilmisdir. Sistemin likvidus sathinin proeksiyasi, 1200 va 900 K temperaturlarda
izotermik Kasiklorin faza diaqramlart qurulmusdur. Miiayyon edilmisdir ki, sistem monovariant
evtektik va peritektoid tarazligi olan kvaziiiglii sistema aiddir. Sistem 1200 K-do FeGa,Ss-FeGalnS,
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(p- faza) yan kosiyi boyunca fasilasiz bark mohlullarin moveudlugu vo — FeS (a-) yiiksak
temperaturlu  modifikasiyas: asasinda hallolma sahasinin olmas: ilo xarakterizo olunur. Uclii
sistemin FeS-FeGa,S, yan kasiyinda 900 K temperaturda Fe,Ga,Ss ii¢lii birlogmasi amala galir. Bu
birlogma Fe,GasSs + f vo Fe,GaSs + o + f heterogen sahalari amala gatirir ki, bunun da
tosirindon o + f iki fazali saha ahamiyyatli daracado kigilir.

Agar sozlar: FeGaySy, FeS, FeGalnS,, faza diagramu, likvidus, bark mahlullar.

CUCTEMA FeS- FeGayS,- FeGalnS,
dD.M. Mameoos
HUncmumym xamanuza u neopeanuyeckou xumuu Hayuonanvnoti AH Azepoatioscana,

np. I'. [casuoa, 113, AZ-1143, baxy, Aszepbatioxcan
e-mail: faikmamadov@mail.ru

Memoodamu oughghepenyuanvro-mepmuneckoeo u peHmeeHopazo8020 AHAIUZ08 UCCIE008AHbI
Qazosvie pasnosecus 6 cucmeme FeS-FeGa,Si;-FeGalnS,. ITocmpoenvr npoexyus nosepxnocmu
auxeuodyca u uzomepmuveckue cevenus ¢pazosou ouazpammol npu 1200 u 900 K. Ycmanosneno,
Umo OHA OMHOCUMCS K K8ASUMPOUHbIM CUCTEMAM C MOHOBAPUAHMHBIMU IEMEKMUYeCKUM U
nepumexkmouoHvim  paenosecusmu. Ilpu 1200 K cucmema xapaxmepuzyemcs Haiuduem
HENpepbleHO20 psioa Meepoblx pacmeopos 60016 bokosot cucmemvl FeGaySy-FeGalnS, (B-paza) u
mMEepobiX pPACMBOPO8 HA OCHOGe BblcoKomemnepamyphou moouguxayuu FeS (a-), xomopuie
oopaszyrom wupokyio ogyxgazuyio oonacmoe o+p. Ilpu 900 K 6 6oxosoti cucmeme FeS-FeGayS,
oopasyemcs mpotinoe coedunenue Fe,GaySs, komopoe Gopmupys cemepocennvle obaacmu
Fe,GaySs+ f u Fe,GaxSs+ a+f nHuowce smoii memnepamypvl 3HAUUMENbHO CYHcaem 08YX@a3Hyro
obracmo o+p.

Knroueevie cnosa: FeGayS,, FeS, FeGalnS,, ghazosasn ouacpamma, nuxseudyc, meepovie pacmeopeoi.
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