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Abstract SrLnCuS3 (Ln = La–Lu) compounds melt incon-

gruently. Their thermochemical parameters are determined.

The melting temperatures and the enthalpies of melting are:

for SrLaCuS3, T = 1513 K and DH = 6.9 kJ mol-1; for

SrCeCuS3, T = 1468 K and DH = 5.2 kJ mol-1; for

SrPrCuS3, T = 1459 K and DH = 13.2 kJ mol-1; for

SrNdCuS3, T = 1429 K and DH = 16.8 kJ mol-1; and for

SrSmCuS3, T = 1605 K and DH = 2.8 kJ mol-1. Three

high-temperature polymorphic transitions are found to

occur in SrLnCuS3 (Ln = Sm, Gd–Lu) compounds. The

parameters of these transitions are determined: for

SrSmCuS3, Ta $ b = 1452 K, DHa $ b = 3.0 kJ mol-1,

Tb $ c = 1464 K, DHb $ c = 0.2 kJ mol-1, Tc $ d =

1476 K, and DHc $ d = 1.1 kJ mol-1; for SrDyCuS3,

Ta $ b = 1530 R, Tb $ c = 1568 R, and Tc $ d =

1585 K; for SrTmCuS3, Ta $ b = 1580 K, Tb $ c =

1618 K, and Tc $ d = 1631 K; and for SrYbCuS3,

Ta $ b = 1567 K, Tb $ c = 1608 K, and Tc $ d =

1621 K. The transitions are observed both upon heating

and upon cooling. The high-temperature phases are not

quenchable. Phase-transition temperature versus r(Ln3?)

curves for SrLnCuS3 (Ln = La–Lu) feature the tetrad

effect. The SrLnCuS3 (Ln = La–Nd) compounds are

classified as thiocuprates; their melting temperatures

decrease systematically from La to Nd. The SrCuLnS3

(Ln = Sm, Gd–Lu) compounds are classified as thiolan-

thanates; their melting temperatures increase in the order

from Sm to Tm and from Tm to Lu.

Keywords DSC � Incongruent melting � Lanthanide

sulfides � Phase transitions

Introduction

Lanthanides and their salts have specific thermal, electric,

and magnetic properties because of their peculiar electronic

structure [1–4]. A2?Ln3?Cu?S3 (A = Pb, Eu, Sr, Ba)

compounds are infrared and nonlinear optical materials

[5, 6], p-type semiconductors with bandgap widths of

1.15–1.50 eV [7], or low-temperature ferrimagnets with

ferrimagnetic transition temperatures of about 5.0 K [8, 9].

The constitution of SrLnCuS3 compounds is like that of

superconducting oxide ceramics [10]. The crystal-chemical

parameters of SrLnCuS3 (Ln = La–Lu) compounds were

determined by X-ray powder diffraction [11–13]. Four

types of orthorhombic structures exist in the SrLnCuS3

series in the range 970–1170 K (Table 1). The SrLnCuS3

(Ln = Pr, Nd) compounds have BaLaCuS3 type structures

(space group Pnma), the SrLnCuS3 (Ln = Sm–Ho) com-

pounds are isostructural to Eu2CuS3 (space group Pnma),

and the SrLnCuS3 (Ln = Er–Lu) compounds have

KZrCuS3 type structures (space group Cmcm) [11]. The

SrLnCuS3 (Ln = La, Ce) compounds each have two

polymorphs: a low-temperature phase (BaLaCuS3 type

structure, annealing at 970 K) and a high-temperature

phase (Ba2MnS3 type structure, annealing at 1170 K) [12].

These polymorphic transitions were not detected by dif-

ferential thermal calorimetry (DSC) and were classified as

slow transitions [11].

The following values of incongruent melting tempera-

tures were reported for the title compounds: 1513 ± 2 for

SrLaCuS3 [13], 1486 ± 3 K for SrCeCuS3 [12],
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1459 ± 2 K for SrPrCuS3 [13], and 1703 ± 5 K for

SrHoCuS3 [14].

SrLnCuS3 compounds are formed in the LnCuS2–SrS

sections of Cu2S–Ln2S3–SrS quasi-ternary systems [11].

Other compounds formed in these systems (Cu2S [15],

Cu3LnS3 [16], and LnCuS2 [17]) show high-temperature

polymorphism. EuGdCuS3, an isoformula compound,

experiences three polymorphic transitions: Ta $ b =

1460 K, DHa $ b = 2.6 kJ mol-1; Tb $ c = 1492 K,

DHb $ c = 2.3 kJ mol-1; and Tc $ d = 1525 K, DHc $
d = 4.4 kJ mol-1 [18]. Therefore, SrLnCuS3 compounds

are expected to show polymorphism in the range of tem-

peratures from 1200 K to the melting point.

The tetrad or double–double effect is manifested in the

lanthanide series, where the tetrads are La–Nd, Pm–Gd,

Gd–Ho, and Er–Lu. The properties of lanthanide com-

pounds within each tetrad are fitted by smooth functions.

At the tetrad boundaries (which are crystal-chemical

instability regions), singular points can appear on property

versus lanthanide ionic radius r(Ln3?) curves [19, 20].

The temperatures and enthalpies of phase transitions in

SrLnCuS3 (Ln = Nd–Dy, Er–Lu) compounds, their varia-

tion trends as a function of r(Ln3?), and inner periodicities

in the series of compounds remained undetermined until

we undertook this study.

Our goals in this study were to determine the tempera-

tures and enthalpies of phase transitions in SrLnCuS3

(Ln = Nd, Sm, Gd–Dy, Er–Lu) compounds and to recog-

nize the trends in phase-transition temperatures of

SrLnCuS3 (Ln = La-Lu) compounds as a function of

r(Ln3?).

Experimental

Cu2S was prepared from constituent elements, which were

specialty grade copper (os.ch. 11-4) and specialty grade

sulfur (os.ch. 15-3), by ampoule synthesis. SrS was pre-

pared by reacting SrSO4 (a reagent grade sample) with H2

at 1070 K for 15–20 h. Ln2S3 (Ln = Nd–Lu) sulfides were

prepared from lanthanide oxides (HO-M, SmO-G, GdO-G,

TbO-I, DiO-L, GoO-L, ErO-G, IbO-M, and LyuO-I types)

in an H2S and CS2 flow at 1300 K [11]. The thus-prepared

sulfides were single phases as probed by X-ray powder

diffraction and were stoichiometric within the error bar of

chemical analysis. SrLnCuS3 samples were prepared by

alloying the SrS, Ln2S3, and Cu2S precursors taken in the

ratio 2:1:1 in a graphite crucible that was mounted inside a

degassed and sealed-off silica glass ampoule. The ampoule

was heated in an electric furnace to 1570 K and then

exposed at this temperature for 30 min. Cooling was in the

switched-off mode. Samples were annealed at 970 K for

3 months [12, 21]. The as-annealed samples of compounds

were single phases as probed by microstructure observa-

tions and X-ray powder diffraction. Their structure types

are as shown in Table 1; their unit cell parameters agreed

with reported values [11–13].

X-ray diffraction experiments were performed on a

PANalytical X’Pert PRO diffractometer equipped with a

PIXcel detector (CoKa radiation, a graphite monochroma-

tor) and a DRON 7 diffractometer (CuKa radiation, Ni

filter) at 298 K. Powdery samples for use in these experi-

ments were prepared by trituration with octane in an agate

mortar. X-ray diffraction patterns were scanned at 298 K

over the diffraction angle range 10� B 2h B 125 (140)� in

0.013� steps with a total accumulation time of 13 h.

Differential scanning calorimetry experiments were

performed on a Setsys Evolution 1750 (TG–DSC 1600)

instrument using the Setsoft Software 2000 suite; the

thermocouples were PtRh 6–PtRh 30%. The instrument

was calibrated against the melting temperatures and heats

of melting of references, which were Sn, Pb, Zn, Al, Ag,

Au, Cu, and Pd [11]. The precision was within 0.5% in

melting temperatures and within 10% in heats of melting.

Samples for thermal analysis, weighing 99.3–109.6 mg,

were cut to provide an as tight as possible fit to the lower

portion of an alundum crucible (V = 100 lL). Pro-

grammed heating was at a rate of 5 K min-1. Prior to an

experiment, the working chamber of the instrument was

degassed and filled with argon. The purging gas flow rate

Table 1 Structure types of SrLnCuS3 (Ln = La–Lu) compounds in the temperature range 970–1170 K

Т/K SrLnCuS3 structure type [4, 10–13]
La Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Yb Lu

1170 - - -
1070 - - - - -
970 - - -

A vertically hatched cell denotes that the compound has a BaLaCuS3 type structure; a crosshatched cell, a Eu2CuS3 type structure; a dark gray

cell, a Ba2MnS3 type structure; a horizontally hatched cell, a KZrCuS3 type structure; and a white cell with a hyphen , structure type not

determined
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during an experiment was 25 mL min-1. The values of

three replicate temperature or heat measurements fell

within the error bars of thermal analysis. When the ther-

moanalytical experiment reached 1840 K, samples melted

completely.

Microstructure was observed on polished samples using

an AxioVert.A1 microscope. The Edstate 2D software was

used for graphic representation.

Distribution spectra of chemical elements were mea-

sured at five spots of the surface of a SrLnCuS3 sample

using a JEOL JSM-6510 LM scanning electron micro-

scope (Fig. 1) to determine the compositional homogene-

ity of the samples. Color difference does not signify

compositional inhomogeneity of a sample, but rather is a

characteristic feature of topographic contrast in SEM

images, a higher brightness of peaks and protrusions of the

relief (the edge effect) [22, 23]. The results of X-ray

spectral microanalysis of SrLnCuS3 samples coincided

with calculated values within the measurement error of

±0.5 mass% (Table 2).

Results and discussion

SrLnCuS3 (Ln = La–Lu) are incongruently melting com-

pounds. The thermal events associated with melting of

these compounds in SrLnCuS3–SrS quasi-binary sections

appear at constant temperatures, which is verified by the

construction of Tammann’s triangle. Initially, single-phase

samples become multiphase when melted and solidified

again. Polished cross sections of the solidified samples

show SrS primary grains surrounded by SrLnCuS3 crys-

tals. In between grains, there are narrow fields of the

eutectic formed by LnCuS2 and SrLnCuS3 phases. The

eutectic solidification peak appears on DSC cooling

curves. The X-ray diffraction patterns of solidified sam-

ples feature reflections from SrLnCuS3, SrS, and LnCuS2

phases.

The DSC heating curves for single-phase SrLnCuS3

(Ln = La, Ce, Pr, Nd) samples feature distinct endotherms

of incongruent melting of SrLnCuS3 (Fig. 2). Melting

peaks of the SrS crystals that are formed upon incongruent

SrLnCuS3 decomposition, are not distinct on the heating

curves. Some DSC cooling curves feature exotherms due to

crystallization of SrS primary crystals. The decrease in

incongruent melting temperatures of SrLnCuS3 (Ln = La–

Nd) compounds as a function of r(Ln3?) (Table 3, Fig. 3)

signifies a decline in the thermodynamic stability of these

compounds in the series from La to Nd.

In going from SrNdCuS3 to SrSmCuS3, the structure

changes from BaLnCuS3 type in SrNdCuS3 to Eu2CuS3

type in SrSmCuS3, and the coordination polyhedron

changes from a one-capped trigonal prism NdS7 to an

octahedron SmS6 [11]. The character of SrLnCuS3 com-

pounds and their thermal characteristics also change fun-

damentally in going from SrNdCuS3 to SrSmCuS3.

DSC heating curves feature three high-temperature

endotherms (1450–1650 K) for each SrLnCuS3 (Ln = Sm,

Gd–Lu) compound (Fig. 2; Table 3). These endotherms are

completely reproduced upon cooling. Peak shapes have a

well-defined linear portion. The relevant phase transitions

occur within a narrow temperature window (5–10 K on the

average). Similar shapes are intrinsic to the phase transi-

tions that appear as invariant phase equilibria in phase

diagrams [24]. The enthalpies of the first phase transition in

the SrLnCuS3 (Ln = Sm, Gd–Lu) compounds fall in the

range DH = 2.4–9.7 kJ mol-1, those of the second tran-

sition are DH = 0.2–3.9 kJ mol-1, and for the third tran-

sition, DH = 0.5–3.7 kJ mol-1. After the third endotherm,

a SrLnCuS3 sample remains polycrystalline; no liquid

phase appears. The thermal features are completely

Fig. 1 SEM micrographs of

SrLnCuS3 (Ln = Tm, Yb)

samples

Table 2 Elements surface distribution in a SrYbCuS3 sample as

probed by X-ray spectral microanalysis

Sr Yb Cu S

mcalcd mfound mcalcd mfound mcalcd mfound mcalcd mfound

20.85 21.31 41.18 40.80 15.12 15.25 22.85 22.64

mcalcd and mfound are, respectively, the calculated mass percentage and

the as-analyzed mass percentage of an element in SrYbCuS3
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reproduced in several heating–cooling cycles. The sample

cooled after being thermocycled is a single phase and has

its intrinsic crystal structure (Table 1). DSC data imply that

SrLnCuS3 compounds experience first-order phase (poly-

morphic) transitions.

Since these transitions are detected by a DSC method

both upon heating and upon cooling, they may be regarded

to be rapid transitions [24]. High-temperature phases of

SrLnCuS3 (Ln = Sm, Gd–Lu) were not quenchable at

cooling rates of *103–104 K min-1.
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The compounds melt near the liquidus temperatures of

the relevant systems. The peaks of incongruent melting of

SrLnCuS3 and those of melting of SrS crystals are super-

imposed on each other both upon heating and upon cooling.

The incongruent melting peak for SrSmCuS3 is distinct

enough to make it possible to determine the enthalpy of

melting (Table 3). In the SrLnCuS3 compounds of heavier

lanthanides (Ln = Gd–Lu), the melting peak is blurred and

appears distinctly only upon cooling, immediately follow-

ing the exotherm of crystallization of SrS primary grains.

Table 3 shows the values of incongruent melting temper-

atures of SrLnCuS3 compounds and the liquidus tempera-

tures derived from heating and cooling curves and

averaged.

Table 3 Temperatures and enthalpies of high-temperature phase transitions in SrLnCuS3 (Ln = La–Lu) compounds

Compound Temperatures and enthalpies of phase transitions

a $ b b $ c c $ d Tm/K DHm/kJ mol-1

T/K DH/kJ mol-1 T/R DH/kJ mol-1 T/R DH/kJ mol-1

SrLaCuS3 [1] – – – – – – 1513 ± 2 6.9 ± 0.6

SrCeCuS3 [2] – – – – – – 1486 ± 3 5.2 ± 0.6

SrPrCuS3 [1] – – – – – – 1459 ± 2 13.2 ± 1.2

SrNdCuS3 – – – – – – 1429 ± 6 16.8 ± 1.9

SrSmCuS3 1452 ± 2 3.0 ± 0.3 1464 ± 6 0.2 ± 0.02 1476 ± 4 1.1 ± 0.1 1605 ± 5a 2.8 ± 0.3a

SrGdCuS3 1479 ± 4 2.4 ± 0.2 1496 ± 3 0.4 ± 0.04 1505 ± 2 0.5 ± 0.04 1668 ± 4b –

SrTbCuS3 1512 ± 3 5.4 ± 0.6 1551 ± 2 3.9 ± 0.4 1566 ± 3 1.3 ± 0.1 – –

SrDyCuS3 1530 ± 5 2.9 ± 0.3 1568 ± 6 1.0 ± 0.1 1585 ± 5 1.5 ± 0.2 1688 ± 7b –

SrHoCuS3 [3] 1548 ± 2 2.8 ± 0.3 1588 ± 2 1.0 ± 0.1 1606 ± 2 1.5 ± 0.1 1703 ± 5a –

SrErCuS3 1558 ± 1 2.9 ± 0.3 1601 ± 1 0.7 ± 0.1 1617 ± 2 1.0 ± 0.1 1706 ± 8b –

SrTmCuS3 1580 ± 2 9.7 ± 0.9 1618 ± 2 2.4 ± 0.2 1631 ± 1 3.7 ± 0.4 1678 ± 5a –

SrYbCuS3 1567 ± 5 7.1 ± 0.7 1608 ± 7 2.2 ± 0.2 1621 ± 5 3.2 ± 0.3 1695 ± 6b –

SrLuCuS3 1558 ± 4 3.9 ± 0.4 1603 ± 4 1.0 ± 0.1 1617 ± 2 1.6 ± 0.2 1712 ± 6b –

a The value derived from the cooling curve
b The average of values derived from the cooling curve and heating curve
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The SrLnCuS3 (Ln = La–Dy, Tm) compounds are

thermally stable phases. Samples of SrLnCuS3 (Ln = La–

Nd, Sm, Gd, Dy, Er, Tm) compounds experience mass loss

after they melt incongruently and a liquid phase appears

(Table 4). The SrLnCuS3 (Ln = Ho, Yb, Lu) compounds

experience a 0.1–0.2% mass loss at temperatures below

their incongruent melting temperatures to become nonsto-

ichiometric. No accessory phases were detected in their

samples. Compositions of the compounds were calculated

on the assumption that the mass loss arose from partial

vaporization of sulfide sulfur.

The decreasing trend in thermal stabilities of SrLnCuS3

compounds along the Ln series from La to Nd and their

increasing trend from Sm to Tm and from Tm to Lu can

qualitatively be interpreted in terms of the acidity–basicity

of the constituent simple sulfides [24]. SrLnCuS3 com-

pounds are formed by SrS (a basic sulfide) and by Cu2S and

Ln2S3, which are acidic relative to SrS. The acidity of

Ln2S3 increases in the lanthanide series as the ionic radius

r(Ln3?) decreases [25] and the electronegativity of lan-

thanide atoms increases (XLa = 1.27, XNd = 1.33,

XGd = 1.42, XDy = 1.43, XHo = 1.47, and XTm = 1.48

[26]) [24]. For the elements of the first tetrad (La–Nd),

Cu2S exceeds Ln2S3 in acidity. The SrLnCuS3 (Ln = La–

Nd) compounds are classified as thiocuprates. The

strengthening acidities of sulfides in the order from La2S3

to Nd2S3 are responsible for the decreasing trend in thermal

stabilities of the relevant thiocuprates. All SrCuLnS3

compounds with heavier lanthanides are treated as thi-

olanthanates. The thermal stabilities of thiolanthanates

increase in proportion to the strengthening acidities of

Ln2S3. The singularity appearing at Tm on the phase-

transition curves correlates with the filling-in of the 4f level

in Tm (4f135d06s2), in Yb (4f145d06s2), and in Lu

(4f145d16s2).

The tetrad effect is manifested in the SrLnCuS3

(Ln = La–Lu) series. Structural studies showed that the

structure type of the orthorhombic SrLnCuS3 phase chan-

ges in going from Nd to Sm and from Ho to Er [11, 14] at

1170 K. SrNdCuS3 has a BaLaCuS3 type structure, which

transforms to Eu2CuS3 type in SrSmCuS3, and the latter

exists in the series of compounds through SrCuHoS3 [11].

SrCuErS3 has a KZrCuS3 type structure [11]. The fitting

polynomial of the incongruent melting temperature versus

r(Ln3?) curve for SrCuLnS3 compounds changes in going

from Nd to Sm. High-temperature polymorphs appear in

the SrCuLnS3 (Ln = Sm, Gd–Lu) compounds. The effect

of filling-in of the 4f level is manifested in going from the

Tm to Yb compound.

Conclusions

SrLnCuS3 compounds (Ln = La–Lu) show polymorphism

and incongruent melting. Four types of orthorhombic

structures exist in the SrLnCuS3 series in the range

970–1170 K. DSC data imply that SrLnCuS3 compounds

(Ln = Sm–Lu) experience first-order phase (polymorphic)

transitions in range of 1460–1630 K both upon heating

and upon cooling. There is an increase in phase-transition

temperatures of SrLnCuS3 for Ln = Sm–Tm compounds

and a decrease in them for Yb and Lu. The enthalpies

range from 0.2 to 9.7 kJ mol-1. There is linear decrease

in incongruent melting temperatures of SrLnCuS3

(Ln = La–Nd) compounds as a function of r(Ln3?).

Temperatures range from 1513 R (DH = 6.9 kJ mol-1)

for La to 1429 (DH = 16.8 kJ mol-1) for Nd. Com-

pounds are classified as thiocuprates. The thermal stabil-

ities of SrLnCuS3 compounds in the order from Sm

(1605 K) to Er (1708 K) increase in proportion to the

strengthening acidities of Ln2S3. Compounds are treated

as thiolanthanates.
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