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SUMMARY. The technique predicting the type of the phase diagrams ofthe Ln'2S3 — LrY'ff 
(Ln', Ln" = La — Lu) systems is developed. The expansion of solid solutions is calculated 
based on the change of the equivalent radius of the Ln3' cation. The radius values can be 
changed within the radii range for the cations of the stability of the y-Lnf,, a-Ln2S3, 8-Ln2S3 
structural types in the family of rare-earth elements. The coordination number values for the 
structural types are y-Ln2S, (CN 8), a.-Ln2S3 (CN 6), <5-Ln2S3 (CN 6). The prediction of the 
phase diagram of the Nd2S3—Erff system is confirmed while being constructed. The complex 
method of simultaneous thermal analysis (STA) is first applied for studying the Ln/2S3 — 
Ln//2S3 systems; the STA 449 F3 Jupiter appliance with a powerful IT-complex is used. The 
eutectoid transformation in the solid solution based on Nd2S, and the eutectic temperature 
are fixed by the STA method. The balance equations are formulated. The diagram of eutectic 
type (the eutectic composition is 75 mol. % Er2S3, T = 1770 ± 10 K) with y-Nd2.2xEr21S3 — 45 
mol. % Erfi,, a.-Nd2_2xEr2xS3 — 40 mol. % Er ft,, 8-Er2xNd2_2xS3 98 — 100 mol. % Er2S3 solid 
solutions is constructed.
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The Ln2S3 compounds of the Th3P4-type structure are transparent in the spectral 
region from 0.5 to 20-30 pm, their band gap is AEopt = 2.6-2.8 eV [1]. As a rule, the 
materials with the properties required are selected from the solid solution range in 
the Lfr2S3 - Ln '2S3 (Ln', Ln" = La — Lu) systems [1], [2].

There are publications on the study of the Ln'2S3 -Ln"2S3 elementary systems [1], 
[2]. Continuous y-La2.2xNd2xS4 (x = 0 — 1) solid solution is formed in the La2S3 — 
NdjS, system [1]. The phases of LnLuS3 composition are formed in the Ln2S3 — Lu2S3 
(Ln = Ce, Pr, Nd) systems [3].

The Ln2S3 compounds exist in a few structure types (ST), which are designated 
as follows: a-Ln2S3 with an orthorhombic structure of the a-La2S3 type, y-Ln2S3 with 
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a cubic structure of the Th3P4 type, and 8-Ln2S3 with a monoclinic structure of the 
S-Ho2S3 type. The continuous variation of cation equivalent radius occurs in the solid 
solution range (SS) of the Ln' 2S3 — Ln" 2S3 systems.

It is relevant to develop a technique for predicting a phase diagram of the Ln'2S3 — 
Ln"2S3 systems, based on the structure of the Ln2S3 compounds and variations of the 
cation equivalent radius in the solid solution range. There are no such data published 
for predicting a phase diagram of the Ln'2S3 — Ln"2S3 systems.

The Nd2S3 — Er2S3 system, which is formed from the isoformula compounds 
having a common sulfide-anion, is chosen as the model system. The correlation of 
the geometric and energetic properties of the rNd3+and rEr3+ cations (rNd3+ =0.1109 
nm, % =1.14; rEr31 = 0.1004 nm x = 1-24) suggests predicting the formation of the 
extended solid solution range in the system. There are no data published on the study 
of phase equilibria for the Nd2S3 — Er2S3 system.

The purpose of this paper is to develop a technique for predicting the phase 
diagram of the Ln'2S3 — Ln"2S3 (Ln', Ln" = La — Lu) system, based on the data on 
the initial compound structure and the variation of the cation equivalent radius in the 
solid solution range, to predict and construct a phase diagram for the Nd2S3 — Er2S3 
system.

The technique for predicting the phase diagram of the Ln'2S3 — Ln"2S3 system 
type is based on the following initial theses formulated according to the general 
approaches of the physicochemical analysis:

— the phase diagram type of the Ln'2S3 — Ln"2S3 (Ln', Ln" = La — Lu) systems 
depends on the structure type of the initial Ln2S3 compounds;

— each of the a-Ln2S3, y-Ln2S3, 8-Ln2S3, e-Ln2S3 structure types exists within 
certain limits of the rLn3+ionic radius in the series of the Ln2S3 (Ln = La — Lu) 
compounds;

— the values of the equivalent radius constantly vary in the Ln'2-2xLn"2xS3 solid 
solution, which suggests predicting a potential extension of the solid solution range 
in the Ln'2S3 — Ln"2S3 systems.

The Ln2S3 (Ln = La — Dy) sesquisulfides exist as the a-Ln2S3 low-temperature 
modifications with the orthorhombic structure of the a-La2S3 type (rLa3+(CN6) = 
0.1032 nm, rDy3+(CN6) = 0.0912 nm) (Table 1) and the y-Ln2S3 high-temperature 
modifications with the cubic structure of the Th3P4 type (rLa3+(CN8)= 0.1160 nm, 
rDy3+(CN8) = 0.1027 nm) [4], [5].

The 8-Ln2S3 structure with a monoclinic system exists for Ln: Ho, Y, Er, Tm 
(rHo3+(CN6) = 0.0901 nm, rTm3+(CN6) = 0.0880 nm) [4], [5].

The values of the rLn3+ cation radii, where the structure types of Ln2S3: a-Ln2S3; 
y-Ln2S3; 8-Ln2S3 compounds are stable, are used as the basic data for the calculation 
of solid solution range extension (Table 1, the right column).

In the Ln2.2xLn2xS3 (x = 0 — 1) solid solution range, the r^ value of the cation 
equivalent radius should be considered as the factor determining the structure type 
and the structure stability intervals in the solid solution range.
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Table 1
The crystal system, the structure type, the rLn3+values for the Ln2S3 polymorphic 

modifications according to the data from [4]

Structure Crystal 
system

Structure 
type

Ln3+ CN rLn3+ for CN of 
the structure 

type

rLn3+ value 
limits, nm, where

Ln2S3 
compounds are 

stable
a-LajS3 orthorhombic a-La2S3 6 0.1032

0.1032-0.0912

a-Ce2S3 orthorhombic a-La2S3 6 0.1010
a-Pr2S, orthorhombic a-La2S3 6 0.0990
a-Nd2S3 orthorhombic a-La2S3 6 0.0983
a-Sm2S3 orthorhombic a-La2S3 6 0.0958
a-Eu2S3 orthorhombic a-La2S3 6 0.0947
a-Gd2S3 orthorhombic a-La2S3 6 0.0938
a-Tb2S3 orthorhombic a-La2S3 6 0.0923
a-Dy2S3 orthorhombic a-La2S3 6 0.0912
P-LajS, tetragonal P-La2S3 7 0.1100 0.1100
y-La,S3 cubic Th3P4 8 0.1160

0.1160-0.1027

y-Ce2S3 cubic Th3P4 8 0.1143
y-Pr2S3 cubic Th3P4 8 0.1126
y-Nd2S3 cubic Th,P4 8 0.1109
y-Sm2S, cubic Th3P4 8 0.1079
y-Eu2S3 cubic Th3P4 8 0.1066
y-Gd2S3 cubic Th3P4 8 0.1063
y-Tb2S3 cubic Th3P4 8 0.1040
Y-Dy2S3 cubic Th3P4 8 0.1027
8-Y2S, monoclinic S-Ho2S3 6 0.0900 0.0901 -0.0880

8-Ho2S3 monoclinic 8-Ho2S, 6 0.0901
8-Er2S, monoclinic 8-Ho2S3 6 0.0890
3-Tm2S, monoclinic 8-Ho2S3 6 0.0880

The equivalent radius is the one calculated as the arithmetic average of the cation 
radius values taken as the values of their coordinate numbers for this structure. The 
formulas to calculate the equivalent ionic radius are as follows:

For the structure of the a-La^ and 3-Ho2S3 types where the coordinate number 
of the Ln3+ cations is equal to 6,

,r . , . (2-2x)£n'(OV6) + 2xr£n"(aV6)' m
r.„ (Ln 2_2xLn 2x )S, =----------------------- - ----------------------- -  U )

For the structure of the Th3P4type, where the coordinate number of the Ln3+ cations 
is equal to 8.
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(2 - 2x)Ln' (CN&) + IxrLn" (CNS)

2
(2)

Each of the solid solution types (a, y, 5) exists within the equivalent radius 
limits, which are equal to the rLn3+limits of the radii of the stability structure type in 
the series of the Ln2S3 compounds.

In the a-Nd2.2xEr2xS3 solid solution, the smaller-in-size Er3+ ions compress the 
crystal structure. The minimum limit value of the radius (req = 0.0912 nm) for the 
a-La2S3 structure type is substituted into the left side of the formula (1), and the x 
value is calculated, x = 0.6 is obtained. The predicted boundary of the solid solution 
is of the following composition: a-Ndo 8Er, 2S3 (60 mol.% Er2S3).

For the у-structure, the minimum value of the radius (req = 0.1027 nm) is substituted 
into the formula (2), x = 0.63 is obtained, the boundary composition of the solid 
solution is as follows: a-Nd0 74Er).26S3 (63 mol. % Er2S3).

The boundary value for the 5-Er2S3 structure is x = 0.95 (95-100 mol. % Er2S3). 
In the Nd2S3 — Er2S3 system, the difference in the structures of the a-Nd2S3, y-Nd2S3, 
8-Er2S3 initial compounds predetermines the existence of two-phase sections in the 
diagram. The close melting temperatures for high-melting compounds (Er2 $з Tmelt. — 
1,940 К [7] and Nd2S3 Tmelt. = 2,140 К [6]) allow predicting the nature of a two-phase 
section, it is most likely eutectic. The predicted form of the phase diagram for the 
Nd2S3 — Er2S3 system is presented in Fig. 2a.

The technique for the physicochemical analysis of the Nd2S3, Er2S3 compounds. 
The sampling procedure for solid solutions as a powder and as-cast in the Nd2S3 — 
Er2S3 system is presented in [6], [7], [8].

The integrated method of simultaneous thermal analysis (STA) was first applied 
to study the Ln'2S3 — Ln/z2S3 systems using the STA 449 F3 Jupiter appliance (Fig. 
1) equipped with a powerful IT-complex. The STA techniques are based on the 
combination of differential thermal analysis (DTA), differential scanning calorimetry 
(DSC), and thermo-gravimetric analysis (TGA) [9], [10].

Fig. 1. The STA 449 F3 Jupiter appliance for simultaneous thermal analysis, 
the temperature accuracy is 0.3 °C (the Program of Innovative University Infrastructure 

Development, the RF Government Decree No. 219)
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The sample weight for the STA was 120-140 mg. He 7.0 was used as a gas medium 
(99.99999% meets the Technical Specifications No. 14299304-002-2000). The 
temperature interval where it was expected to register the phase change peaks was 
studied at the sample heating rate of 10 K/min. When crystallizing, the cooling rate 
was also 10 K/min.

The frames were Au, Cu2S, SrF2, and MnS. The heat effect area was specified 
using the Proteus 6 2012 software. While heat treating, the initial weights were down 
by 0.2-0.6% which was 0.280-0.960 mg, it could be explained by the loss of highly 
volatile impurities sorbed in the process of synthesis and atmospheric gases.

Fig. 2. The predicted (a) and constructed by the PCA methods (b) phase diagram of the 
Nd2S3 — Er2S3 system.

1 - The data of differential scanning calorimetry.
The VPTA results: 2 — incipient melting; 3 - complete melting.

The state of samples based on the RFA, MSA, and DMA methods is 4 — one-phase one;
5 — two-phase one.

The construction of the phase diagram for the Nd2S3 — Er2S3 system. The 
phase diagram for the Nd2S3 — Er2S3 system is first constructed (Fig. 2b), this is the 
diagram of the eutectic type with the extended solid solution range based on the 
a-Nd2S3 (0-40 mol.% Er2S3) and y-Nd2S3 (0-45 mol.% Er2S3) compounds and the solid 
solution based on the 8-Er2S3 (98-100 mol.% Er2S3).

The type of the phase diagram fully matches the predicted one. There are 
differences in the solid solution extension between the prediction and the experiment. 
According to the RFA data, in the range from 0 to 40 mol.% Er2S3, all the samples 
annealed at 970 К have the structure of the a-La2S3 modification type. The u.c. 
parameters and the volume of the orthorhombic u.c. regularly decrease, which 
correlates with the ratio of ionic radii (rNd3+(CN 6) = 0.0983 nm, rEfr+(CN 6) = 0.0890 
nm) [5] (Fig. 3a).
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Fig. 3. The parameter variation of the orthorhombic u.c. in the solid solution (SS) range: 
a) a-Nd2.2xEr2xS3 and 3-Er2xNd2.2xS3 for the samples of the Nd2S3 — Er2S3 system 

synthesized at 1,270 К and annealed at 970 К during 3,600 hours;
b) y-Nd2.2xEr2xS3 and 8-Er2xNd2.2xS3 for the samples of the Nd2S3 — Er2S3 

system annealed at 1,670 К during 30 min.
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According to the RFA data, in the range from 0 to 45 mol.% Er2S3, all the samples 
annealed at 1,670 К have the structure of the у-modification type. The u.c. parameters 
and the volume of cubic u.c. regularly decrease as well (Fig. 2b) in accordance with 
the changes in the ion concentration (rNd3+(CN 8) = 0.1109 nm, rEr3+(CN 8) = 0.1004 
nm) [5].

The extension of the solid solution based on S-Er2S3 is equal to 98-100 mol.% 
Er2S3. There are only the 8-modification monoclinic system reflexes in the samples 
obtained as a powder and annealed at 970 К during 5 months, the as-cast samples 
annealed at 1,670 К during 30 min. The rapid change in the u.c. parameters against 
the initial 8-Er2S3 is observed (Fig. 3a).

In the sample of 95 mol% Er2S3 annealed at 1,670 K, the 5-Er2xNd2.2xS3 solid 
solution content is markedly less than in the sample annealed at 970 K. The dependence 
of the solvability value on the temperature is demonstrated in the 8-Er2xNd2.2xS3 solid 
solution.
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The u.c. parameter increase occurring in the 8-modification solid solution range 
also correlates with the REE ratio of the ionic radii: rEr3+(CN 6) = 0.0890 nm and 
rNd3+(CN 6) = 0.0983 nm [5].

The eutectic melting peak at 1,770 К was detected in the two-phase area of the 
system by the STA method. The eutectic composition was calculated by the following 
equations (Table 2):

Kordes
G, тй_тЕ tl -te- - Б - 77.2 mol % Er?S3

Vasilyev_ Ttf _TE 
^•h Tt, -' te

74.2 mol % Er2S3

Efimov-Vozdvizhenskyу _ T _ + x(CH — Ce)]TE — TEL C„(l-Ce) — 74.2 mol % Er2S3

The branch of the liquidus line identified by the STA method is extrapolated to 
the 75 mol% Er2S3 eutectic composition, which closely matches the eutectic 
composition calculated by the empirical formulas.

The eutectoid change in the Nd2S3-base solid solution range was detected by the 
STA method. The heat effect peak has a diffuse nature, and it is specific to kinetically 
difficult processes.

The balance equations for phase changes were formulated (Table 2).

The balance equations for eutectic and eutectoid phase changes
in the Nd2S3 — Er2S3 system

Table 2

Form of phase 
change

Coordinates of non-variant 
points Equation for phase change AN^.., 

kj/molComposition T,K
Eutectic melting 75 mol.%

Er2S3
1,770 К 0.44 SS

y-Nd2S3 (0.46Er2S3;
0.54Nd2S3) + 0.56

SS 8-Er2S3 
(0.98Er2S3; 0.02Nd2S3) «->■ L 

(0.75Er2S3; 0.25Nd2S,)

47

Eutectic 
transformation

42 mol.%
Er2S3

1,435 К 0.98 SS a-Nd2S3 (0.41Er2S3;
0.59Nd2S3) + 0.02 

SS 8-Er2S3 
(0.98Er2S3; 0.02Nd2S3) «-> SS 

Y-Nd2S3 (0.42Er2S3;
0.58Nd2S3)

7
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b)

Fig. 4 The heat patterns of the Nd2S3 — Er2S3 system:
a) the 80 mol.% Er2S3 sample, the phase composition is y+8, the eutectic melting peak of 

heat effect; b) the 80 mol.% Er2S3 sample, the phase composition is a+8, the eutectic 
melting peak of heat effect (Table 2)

Conclusion. The technique for the prediction of the Ln'2S3 — Ln'2S3 system phase 
diagram type is developed on the basis of the data on the Ln2S3 compound structures 
and the calculation of solid solution extension by variation in the values of cation 
equivalent radius in the solid solution.
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The prediction for the phase diagram of the Nd2S3 — Er2S3 system is confirmed 
while being constructed. The diagram is of the eutectic type (the eutectics composition 
is 75 mol.% Er2S3, T = 1,770 ± 10 K) with the solid solutions as follows: y-Nd2.2xEr2xS3 
— 45 mol.% Er2S3, a-Nd2.2xEr2xS3 — 40 mol.% Er2S3,8-Er2xNd2.2xS3 98 —100 mol.% 
Er2S3.

REFERENCES

1. Sokolov, V.V., Kamarzin, A.A., Trushnikova, L.N., Savelieva, M.V. Optical Materials 
Containing Rare Earth Ln2S3 Sulfides. Journal of Alloys and Compounds. 1995. Vol. 225. 
No. 2. P. 567-570.

2. Gadzhiev, G.G., Ismailov, Sh.M., Khamidov, M.M., Abdullaev, H.H., Sokolov, V.V. 
Thermalphysical Properties of Sulfides of Lanthanum, Praseodymium, Gadolinium, and 
Dysprosium. High Temperature, 2000. Vol. 38. No. 6. P. 875-879.

3. Geng, B.J. Synthesis and Characterization ofNew Lanthanide Chalcogenides. Auburn 
University. 2007. 299 p.

4. Yarembash, E.I., Eliseev, A.A. Hal’kogenidy redkozemel’nyh jelementov: sintez i 
kristallohimija [Chalcogenides of Lanthanides: Synthesis and Crystal Chemistry], Moscow, 
1975. 255 p. (in Russian).

5. Shannon, R.D. Effective Ionic Radii. Acta Cryst. 1976. A. 32. 751 p.
6. Gorbunova, L.G. Fiziko-himicheskij analiz sistem Ln-S (Ln = Nd, Er) (Avtoref. diss, 

kand.) [Physical-Chemical Analysis of Ln-S (Ln = Nd, Er) Systems. Synopsis of Diss. ... 
Cand. Sci. (Chemistry)]. Novosibirsk, 1990. 18 p. (in Russian)

7. Andreev, O.V. Cu2S — Er2S3 System. Zhurnal neorganicheskoj himii — Journal of 
Inorganic Chemistry. 1993. Vol. 38. No. 4. P. 693-695 (in Russian).

8. Elyshev, A.V., Tabarin, V.A., Laskin, G.P. Solid Solutions in SrS — La^, — Nd2S3 
System in Micro- and Nanograin States. Vestnik Tjumenskogo gosudarstvennogo universiteta — 
Tyumen State University Herald. 2012. No. 5. Series: Chemistry. P. 33-38 (in Russian).

9. Wendlandt, U. Termicheskie metody analiza [Thermal Analyses]. Moscow: Mir, 1978. 
527 p. (in Russian).

10. Kirianov, K.V. Kalorimetricheskie metody issledovanija [Calorimetric Methods of 
Investigation], Nizhny Novgorod: Nizhegorodsky State University, 2007. 76 p. (in 
Russian).

CHEMISTRY




