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THE PHASEFORMATION IN THE Ce2Ses-Sbh2Ses-Bi.Ses QUASI-TERNARY SYSTEM

Based on the literature data, as well as the results obtained by the methods of
physicochemical analysis, the character of phase formation in the Ce,Ses-Sh,Ses-BiSes quasi-
ternary system was determined. The phase diagrams of a number of internal sections (Sbh2Ses-
CeBiSes, CeSes-CeSh1 sBi1sSes, Bi2Ses-CeShi 5Bi1 sSes, CeShSes -CeBiSes), the isothermal section
at 300 K, and the projection of the liquidus surface were constructed, the types and coordinates of
non- and monovariant equilibria were obtained. The existence of six ternary compounds,
S1(CesShzSeis), S2(CesShaSess), S3(CeSbSes), Ss (CeBiSes), Ss( CeSbisBiisSes ) and Se
(CesBizSe1s), as well as regions of solid solutions based on the initial Sh.Ses, BizSes, as well as
S5 compounds was shown.

Key words: Antimony and bismuth chalcogenides, REE chalcogenides, quasi-binary section,
non-quasi-binary section, liquidus surface projections

1. Introduction.

Antimony and bismuth selenides are promising materials with a narrow band gap and a high
absorption coefficient. Due to these features, they are important materials for optoelectronic
applications [1, s.2], solar cells [3], thermoelectric converters [4-7], photoelectrochemical cells
[8], optical recording [9], lithium-ion batteries [10, 11]. Moreover, they are also used as a
topological insulator [12-14] and superconductors [15].

The introduction of atoms of rare earth elements (RFE) into the crystal structure of these
compounds can lead to an improvement in these properties.

The results of physicochemical interaction in the Ln2Xs-SboXs- Bi2Xs (Ln-REE; X-S, Se,
Te) systems are presented in a number works [16-26].

The purpose of present work is to study phase formation in the Ce,Ses-Sh,Ses-Bi>Ses quasi-
ternary system.

Previously, the ternary systems Ce-Sh-Se and Ce-Bi-Se were studied along the Sh,Ses-
CezSez and Bi,Ses-CezSes sections [18, s.19]. Ce2Ses compound melts at 1970 K and crystallizes
in a cubic singony [18, 19]. SboSesz and Bi>Ses melt at 863 and 979 K, accordingly [18, s.19]

The SbhoSes-Bi>Sez boundary system is characterized by the formation of continuous solid
solutions.

The ternary systems Ce-Sb-Se and Ce-Bi-Se are characterized by formation of the CeShSes
CesShsSess, CegShoSess, CeBiSes and CegBi»Seis ternary compounds [18, s.19].

2. Experimental part.

2.1. Materials and Synthesis.

The starting materials for the synthesis of initial compounds and intermediate alloys were
high-purity elements cerium (7440-45-1), bismuth (7440-69-9), arsenic (7440-36-0), selenium
(7782-49-2), purchased from by Alfa Aesar.

The alloys were obtained by direct alloying of the components in quartz ampoules at 1000—
1200 K (depending on the composition) followed by slow cooling in the off-furnace rejime.
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To obtain an equilibrium state, the alloys were subjected to homogenizing annealing at
temperatures 50-100 K below the solidus temperature for two weeks.

2.2. Research methods.

The studies were carried out by a set of methods of physicochemical analysis, namely,
differential thermal (DTA), X-ray diffraction (XRD), microstructural (MSA) methods and
measurement of microhardness and density.

The heating curves of thoroughly homogenized alloys were recorded on a BDTA-8M2
pyrometer in an inert atmosphere using W-W/Re thermocouples, heating rate 40 K/min,
temperature determination accuracy 10 K while for NTR-73 pyrometer was 10 K/min,
temperature determination accuracy +5K. All observed effects were endothermic and reversible.

XRD was performed on a Bruker D8 diffractometer (CuK,- radiation).

MSA was performed on MBI-6 and MIM-7 microscopes. In the study of the microstructure
of the alloys, an etchant with the composition of 10 ml of concentrated H.SO4 + 5 g K.Cr207 + 90
ml H.O.

The microhardness was measured on a PMT-3 microhardness meter at an optimally chosen
load of 10, 20, and 30 g. depending on composition.

3. Results and discussion.

Based on the data obtained by the above methods, the phase diagrams of the Sh,Ses-CeBiSes,
CezSes-CeShy 5Bi15Ses, BioSes-CeShysBi1sSes , CeSbhSes - CeBiSes systems were constructed.

In the article the following designations of compounds are adopted Si(CesSh,Seis),
S2(CesShaSess), S3(CeShSes), S (CeBiSes), Ss( CeShy,sBi1sSes ) and S (CesBizSers).

The Sbh>Ses-CeBiSes section (Fig. 1) is quasi-binary, belongs to the eutectic type. When the
ratio of the starting compounds is 1:1, the CeSb1 sBi1 5Ses quaternary compound with congruently
melting at 1050 K is formed. This compound forms a eutectic with CeBiSes (the eutectic
coordinates are 25 mol.% Sh,Ses, 700 K) and with an a-solid solution based on Sh,Sez (25 mol.%
CeBiSes, 600 K). Regions of solid solutions were found in the system near Sh;Ses up to
approximately 5 mol.%, and based on CeBiSes up to 3 mol.% at room temperature. A region of
solid solutions near CeSb sBi15Ses was also found up to approximately 2 mol.% Sh,Ses and 1.5
mol.% CeBiSez at 300K.

Based on powder XRD data, it was found that the CeSb1sBi15Ses compound crystallizes in
a rombic lattice with unit cell parameters a=1.625; b=2.392; ¢=0.404 nm

LE
1200

1050

LAy

1000 -

800}

600+

400

200t

1 1
Sb,Se, 20 40 60 80 CeBiSe,
mol%

Fig.1. Phase diagram of the Sh,Ses- CeBiSessystem

The section Ce,Ses-Ss(CeSb1 5Bi15Ses) is quasi-binary (Fig. 2), eutectic type. The eutectic



corresponds to the composition of 50 mol.% S5 and 800K. Solubility based on Ss at 300 K reaches
2 mol.% Ce,Ses. Solubility based on Ce»Ses is practically not detected.
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Fig.2. Phase diagram of the Ce,Ses- Ss syste
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The Bi>Ses-Ss section is also quasi-binary (Fig. 3), belongs to a simple eutectic type, eutectic
coordinates: 70 mol.% Ss and 900K. The area of solid solutions based on the Bi.Sez at 300 K
reaches 10 mol.% Ss and based on Ss up to 5 mol.% Bi.Ses.
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Fig.3. Phase diagram of the Bi>Ses- Ss system

The S»-S4 section (Fig. 4) is non-quasi-binary, crosses two subordinate triangles of the
ShaSes- CezSes- Ss and CezSes- Ss- Sy ternary system.
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Fig.4. Phase diagram of the Sx- S4 system

The liquidus curve of this section consists of three curves of primary phase crystallization:
Se(CegBi>Se1s),CeoSes and  Sx(CesShaSess). All alloys of subordinate triangles complete
crystallization in ternary eutectics:

I. <> Ss + ShySes+ Uz(CeShSes) (500K)

Il. 5k S5 + Us(CeBiSes) + Ce,Ses (600K)

Part of the system crosses particular triangles | and Il, where the following peritectic
transformations take place:

x+ CesSes <> S1(CegShoSess) + Ss (700K)
x+ CexSes <> S3(CeShSes) + Ss (600K)
x+ CerSes <> Sg(CegBirSeis) + Sa (780K)

The S3-S4 section (Fig. 5) is non-quasi-binary, crosses the Ss—S4-Bi>Ses subordinate triangle,
where

x> BixSez + Ss+ S4 (700K)
%+ Sg < S4+ S5 (800K)
eutectic and peritectic transformations occur:
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Fig.5. Phase diagram of the S3-S4 system

Liquidus consists of three curves of the primary crystallization of the Ce»Ses, Ss and a(Ss)-
phases. Solubility based on Ss is 3 mol.% at 300K.



The projection of the liquidus surface of the Ce,Ses-ShoSes-BixSes ternary system was
constructed based on the literature data on binary systems [27, 28] and experimental data of three
quasi-binary and two non-quasi-binary sections (Fig. 6).

The CezSes-ShySes-Bi>Ses system is triangulated into four subordinate ternary systems:
Sh,Ses- Ss- CesSes, ShoSes- Ss- BioSes, CezSes- Ss- S4 and  Ss- Sa.

8 fields of primary crystallization of initial components are defined in the system. The most
extensive area is the field of crystallization of the Ss phase, and the smallest is the field of
crystallization of the S4 phase.

The Ce;Ses-ShoSes-BixSes system is characterized by the presence of 8 invariant eutectic
(E1-E4) and peritectic (U1-Us) points, the coordinates of which are given in Table 1.

The liquidus shows isothermal lines every 200 K, which control the course of monovariant
curves.

The solid-phase equilibria diagram of the Ce,Ses-Sh,Ses-Bi>Ses quasi-ternary system at

300 K reflects the equilibrium of the solid phase in the subsolidus (Fig. 7).
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Fig.6. The projection of the liquidus surface of the Ce;Ses-Sh,Ses-Bi.Ses quasi-ternary system.
Fields of primary crystallization: 1-CezSes; 2-S; 3-Se; 4-Ss; 5-Sa; 6-BioSes;7- ShoSes;8-S3

Table 1.
Nonvariant equilibria in the Ce2Ses-Sh2Ses-Bi>Ses quasi-ternary system
Point on the Fig.6 Equilibria Temperature, K

E1 L CeSes+ Ss+ Sy 605
E> L Ss+ Si+ BizSes 710
Es L« Ss+Sbh,Ses+ BizSes 748
E4 L SbySes + S5+ Ce,Ses 497
U L+S; U1+ Ss 704
Uz L+S; « Uz + S5 598
Us L+Ss < U3+ Ss 806
U4 L+ CexSez«» Us+ S4 783
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As can be seen from Fig. 7, the subsolidus of the ternary system consists of 16 fields of
primary crystallization, of which 8 are two-phase and 8 are three-phase regions.

CONCLUSIONS

Based on the set of the obtained experimental results and literature data, the character of
phase equilibria in the Ce,Ses-ShoSes-Bi>Ses quasi-ternary system has been established. Phase
diagrams of a number of internal cross sections, an isothermal cross section at 300 K, and
projections of the liquidus surface are constructed, and the types and coordinates of non and
monovariant equilibria are established. The data obtained can be used to select the compositions
of alloys during directional crystallization from the melt.
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XULASO
S.H.Mammadova, F.M.Sadiqov

CezSes-ShySes-BirSes KVAZIUCLU SISTEMINDO FAZAOMOLOGOLMO

Odabiyyat malumatlar: va fiziki-kimyavi analiz iisullarimin naticalorina asason, Ce2Ses-
ShoSes-BixSes kvaziti¢lii sisteminda fazaamalogalmanin xarakteri miiayyan edilmisdir. Bir sira
daxili kosiklorin (ShSes-CeBiSes, CezSes-CeSh1sBii1sSes, BixSes-CeSbisBiisSes, CeShSes -
CeBiSes) hal diagramlari, sistemin 300 K-do izotermik kasiyi, homginin likvidus sathinin
protieksiyasi qurulmug, non va monovariant tarazliglarin tiplari va koordinatlar: tayin edilmisdir.
Sistemda alt iiclii birlogsmonin S1(CesSh2Seis), S2(CesShaSers), S3(CeShSes), Ss (CeBiSes), Ss(
CeShy5Bi15Ses ) and Se (CegBi2Se13) moveud olducu, hamginin SboSes, BioSes ilkin komponentlor
va Ss birlosmasi asasinda bark mahlul sahalori askar edilmisdir.

Acar sozlar: Stibium va bismut xalkogenidlori, NTE xalkogenidlori, kvazi-binar kasik, qeyri-
kvazi-binar kasik, likvidus sathinin proyeksiyasi



PE3IOME
HI.X.MamenoBa, ®.M.CaabikoB

®A300BPA30BAHUE B KBASUTPOMHOM CUCTEME Ce,Ses-Sh,Ses-Bi,Ses

Ha ocHOBaHWM COBOKYITHOCTH JINTEPATYPHBIX JaHHBIX, a TAKXKE PE3yJIbTATOB, MMOJIYUYCHHBIX
MeTolaMu  (PU3MKO-XMMHUYECKOTO aHallu3a, YCTAaHOBIEH Xapakrep ¢azoo0Opa3oBaHus B
kBasuTporiHoi cucreme CeySes-ShoSes-BirSes. Iloctpoensl guarpaMMbl  COCTOSIHHS — psifa
BHYTpeHHHUX ceueHuit (ShoSes-CeBiSes, CexSes-CeShysBiisSes, BioSes-CeSbisBiisSes, CeShSes
-CeBiSez), m3orepmuueckoe cedenre npu 300 K, a Takke mpoeKims MOBEPXHOCTH JTHKBHIYCA,
OTIpe/IeTICHBI THITHI U KOOPIMHATHI HOH- U MOHOBApUAHTHBIX paBHOBecHi. B cucteme oOHapy)eHO
CYIIIECTBOBAHME INECTH TPOHHBIX coequHenuii- S1(CesgShaSess), S2(CesShaSess), S3(CeShSes), Sa
(CeBiSes), Ss( CeSb1sBiisSes ) u Se (CegBioSe1s), a Takke 00JiacTH TBEPIAbIX PACTBOPOB Ha
OCHOBE MCXOAHBIX Sh2Ses, BixSes, a taxke coequnenus Ss.

Knrouegwie cnosa: XanvkoceHuowl cypbmbl U UCMyma, xaibkozeHuovl P33, keazubunaphuiii
paspes, HeK8A3UOUHAPHDIL PA3pe3, NPOEKYUsL NOBEPXHOCMU TUKEUOYCA



