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Abstract 
The crystal structure of the first-synthesized compound EuErCuS3 was 

determined from X-ray powder diffraction data: orthorhombic crystal 

system, space group Pnma, structural type Eu2CuS3: a = 10.1005(2) Å, b = 

3.91255(4)Å, c = 12.8480(2) Å; V = 507.737(14) Å3, Z = 4, and ρx = 6.266 

g/cm3. The temperatures and enthalpies of reversible polymorphic transitions 

and incongruent melting of the compound were determined by DSC: Tα↔β= 

1524 K, ∆Нα↔β = 2.3±0.2 kJ·mol-1; Tβ↔γ = 1575 K, ∆Нβ↔γ= 0.7±0.1 kJ·mol-1; 

Tγ↔δ=1602 K; ∆Нγ↔δ = 1.3±0.1 kJ·mol-1 and Tm =1740±6 K, ∆Нcr = -3.5±0.3 

kJ·mol-1. IR spectra were recorded in the range from 50 to 400 cm-1. The 

compound was found to be IR-transparent in the range 4000–400 cm–1. The 

compound was characterized by Raman spectroscopy. The observed spectra 

featured both Raman lines and luminescence. Ab initio calculations of the 

EuErCuS3 crystal structure and phonon spectrum were performed, the 

frequencies and types of fundamental modes were determined, and the 

involvement of constituent ions in the IR and Raman modes was assessed 

from an analysis of the ab initio displacement vectors. The vibrational 

spectra were interpreted. EuErCuS3 manifests a ferrimagnetic transition at 

4.8 K. Its microhardness is 2850 MPa. The obtained data can serve as the 

basis for predicting the properties of EuLnCuS3 compounds. Valence states 

for Eu (2+) and Er (3+) are proved both by the XRD and optical methods. 

Optical band gap was found to be 1.934 eV from diffuse reflectance 

spectrum. 

 

Keywords: inorganic materials; thermochemistry; spectroscopy; magnetic 

measurements; optical spectroscopy; X-ray diffraction. 

1. Introduction 

Triple and quadruple chalcogenides of rare-earth elements have been 

intensively studied in recent years due to their specific properties, which 

make them promising materials in the field of infrared and nonlinear optics 
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[1]. They are important as refractory materials with semiconducting 

properties and promise high temperature superconductors [2]. Synthesis and 

study of the crystal structures of complex chalcogenides is an important step 

in the search for new materials with desirable properties [1].  

Complex rare-earth chalcogenides АLnCuS3 and ALn3CuS6 (А2+ = 

Pb, Eu, Sr, or Ba) have specific electric [1–7], thermal [8–12], magnetic 

[1,13–15], and optical [1,9,12,15] properties. X-ray powder diffraction 

analyses of the samples annealed at 1170 K indicated three types of 

orthorhombic crystal structures  in the EuLnCuS3 (Ln = La-Ho, Tm-Lu) 

series [13,16,17] (Table 1). 

 

Table 1 

The structural types (STs) of EuLnCuS3 (Ln = La-Lu) compounds were 

determined in the  samples annealed at 1170 K. 

EuLnCuS3 structural type 

La Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Yb Lu 

         -    

The background cell coloring denotes the structural type (ST) in which the 

EuLnCuS3 compound crystallizes: crosshatched cells – Eu2CuS3 ST, dark 

gray cells – Ba2MnS3 ST, horizontal-striped cells – KZrCuS3 ST, and 

hyphenated white cells – an undetermined ST.  

The EuLnCuS3 (Ln = Tb, Dy, and Tm) compounds that contain 

magnetic Ln3+ ions manifest a ferrimagnetic transition at 5.4, 5.3, and 5.4 K, 

respectively; in the compounds containing nonmagnetic Ln3+ions (Ln = Y, 

Eu, and Lu), ferromagnetic ordering of Eu2+ moments takes place at 3.4–4.4 

K [13,14]. 

The ALnCuS3 (A = Sr, Eu; Ln = Gd, Dy, and Ho) compounds 

manifest three polymorphic transitions at temperatures above 1400 K upon 

heating and cooling as shown by differential scanning calorimetry (DSC) 

[8,18,19]. For EuHoCuS3, the polymorphic transition temperatures and 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 4

enthalpies are Tα↔β= 1516 K, ∆Hα↔β=3.7 kJ/mol; Tβ↔γ=1562 K, ∆Hβ↔γ=1.2 

kJ/mol; and Tγ↔δ = 1591 K, ∆Hγ↔δ= 2.2 kJ/mol [18]. High-temperature 

polymorphs have not been obtained by cooling or quenching. The EuLnCuS3 

compounds melt incongruently: EuLaCuS3 (1539±4 K), EuCeCuS3 (1524±3 

K), EuPrCuS3 (1497±3 K), EuNdCuS3 (1470±4K) [9, 17]), EuGdCuS3 

(1720±5 K) [8], EuHoCuS3 (1721±5 K) [18] and EuDyCuS3 (1721±4K) [19]. 

We failed to find any piece of data on the crystal structure, thermal, 

optical, or magnetic properties of EuErCuS3 in the literature. The lack of 

data related to the properties and physicochemical characteristics of the 

compound EuErCuS3 limits the definite anticipation of potential fields of its 

practical application. 

The purposes of this research were: first, to prepare the compound 

EuErCuS3 and determine its structure, second, to characterize it by 

physicochemical methods, third, to determine its optical and magnetic 

properties. The special goal is related to the verification of valence states of 

two rare earth ions, Eu and Er in the crystal structure under investigation. It 

is known that most stable valence of RE ions is 3+, and if no precautions are 

taken, they tend to attain this valence state even while occupying sites with 

nominal valence 2+, due to inclusion of, e.g, oxygen-containing defects, like 

in the case of doping of fluorite crystals with RE. Some hosts are especially 

favorable for stabilizing divalent RE ions like single crystalline alpha-SBO 

doped with europium. In the case of the crystal structure under consideration, 

i.e., EuErCuS3, the competition between Eu and Er for occupying either 

divalent or trivalent positions may be of interest. It must be noted that in 

earlier studied compounds (see references above) Eu is found to be in 

divalent state, in accordance with the additional stability of f7 shell of Eu2+ 

ion. In the compound under study the investigation of valence states of RE 

ions can be done with the help of XRD or optical spectroscopy. 

 

2. Experimental 
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The compound EuErCuS3 was prepared by alloying a batch of 

composition 2EuS : 1Er2S3 : 1Cu2S [17–19]. Cu2S was prepared by heating 

the constituent elements (Cu (99.99 %, Red Chemist, Ltd., Russia) and S 

(99.99 %, the manufacturer is Komponent-reactive, Russia)) to 1420 K for 

24 hours  in an evacuated and sealed-off double-walled silica glass ampoule, 

followed by 30-min isothermal exposure at the same  temperature. The Cu2S 

sample prepared by the technique, described above is orthorhombic, space 

group is Ab2m [20], with the unit cell parameters a = 13.53(3) Å, b = 

27.47(3) Å, c = 11.88(1) Å. The DSC curves for this sample featured peaks 

that corresponded to the polymorphic transitions α-Cu2S → β-Cu2S at 376 K 

and β-Cu2S→γ-Cu2S at 708 K and the melting peak of the compound at 

1402 K, in accordance with the research data [21]. Single-phase EuS and 

Er2S3 samples were prepared from Ln2O3 (99.99%, Red Chemist, Ltd., 

Russia) in the Н2S and СS2 flow at 1300 K [16,22-24]. δ-Er2S3 is a 

monoclinic compound, space group is Р21/m [25,26], with a = 17.42(2) Å, b 

= 3.976(4) Å, c = 10.04(1) Å, β = 98.5(5)°. EuS is cubic, space group is 

Fm3m [27,28], with а = 5.968(1) Å. According to the data of еnergy 

dispersive X-ray spectrometric analysis, the ratio of the rare-earth element 

and sulfur is mfound(Eu) = 82.7(7) mass. %, mfound(S) = 17.3(2) mass. % and 

mfound(Er) = 78.0(8) mass. %, mfound(S) = 21.7(2) mass. % respectively. The 

oxygen content in the test portion of the sample Er2S3 was 0.3 mass. %. 

A 2EuS: 1Er2S3:1Cu2S batch was pounded in an agate mortar and then 

alloyed in a graphite crucible placed inside an argon (99.998%, the 

manufacturer of technical gases is “Kislorod-servis”, Russia)-filled silica 

glass reactor, or in an evacuate and sealed-off silica glass ampoule. The 

synthesized samples were annealed in evacuated and sealed-off silica glass 

ampoules at 1170 K for 1500 hours [16,29].  

X-ray diffraction experiments were carried out by means of a 

DRON-7 diffractometer and a PANalytical X'Pert PRO diffractometer both 

equipped with a PIXcel detector (Fe-filtered CoKα radiation). The X-ray 
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diffraction patterns were scanned at 298 K over the angle range 10º≤2θ≤

125(145) with 0.013o steps; the total accumulation time was 13 h. Unit cell 

parameters were determined by the ITO program [30]. Apart from the major 

phase, the refined model included identified microimpurities: 1 mass. % 

Er2O2S. Phase identification was with reference to the ICDDPDF4+2012 

file. The observed systematic absences showed that the EuErCuS3 structure 

(after annealing at 1170 K) belongs to space group Pnma (for general 

reflections hkl, no systematic absences were observed, so the unit cell is 

primitive; for reflections 0kl: k + l= 2n; for hk0: h= 2n; for h00: h = 2n; for 

0k0: k= 2n; and for 00l: l = 2n). The dataset for the isostructural compound 

Eu2CuS3 was used as reference model [31]. The crystal structure was 

specified by the difference derivative minimization (DDM) method [32] in 

the anisotropic approximation for all atoms with account for preferred 

orientation, anisotropic peak broadening, surface roughness and 

displacement (RDDM = 5.3%; RBragg = 2.9 %). The crystallographic data are 

referred to the data in Cambridge Crystallographic Data Centre (CCDC 

# 1911666), that can be downloaded from the site 

(www.ccdc.cam.ac.uk/data_request/cif). Crystal structures were visualized 

in the program package Diamond 3 [33]. 

The microstructural analysis of the polished samples was performed 

by means of metallographical microscope AxioVert.A1. Scanning electron 

microscopy (SEM) was performed on a JEOLJSM-6510 LV equipped with 

an energy dispersive spectrometer.  

Differential scanning calorimetry experiments were carried out on a 

Setsys Evolution 1750 (TG–DSC 1600) with the aid of the PtRh 6%-PtRh 

30% thermocouple. The complex was calibrated according to the data of 

melting temperatures and melting enthalpies of standard substances (Sn, Pb, 

Zn, Al, Ag, Au, Сu, and Pd). Prior to an experiment, the working chamber of 

the complex was evacuated and then filled with argon. The recording 

parameters were the following: the sample size: 100-110 mg, heating rate: 5 
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K/min, argon flow rate: 25 mL/min, and alundum crucible capacity: 100 µL. 

The heat absorption onset temperature was determined as the intersection 

point of a tangent with the baseline in the program package Setsoft Software 

2000 with a linear baseline from first to last point. The temperatures and 

enthalpies of the thermal events appearing in replica measurements are 

aligned with the thermoanalytical error bar. TG curves showed a 0.025 wt. 

% weight loss in a EuErCuS3 sample in the range 1678–1745 K. 

A durometric analysis of a polished sample was performed by the 

Vickers method on an HMV-G21 [34]. The exposure time was 15 s; the load 

was 10 kg-force (98.07 N). 

The room-temperature magnetic properties of EuErCuS3 were 

studied on a vibrating sample magnetometer with a Puzey electromagnet 

[35]. The sample weight was 0.0543 g. Low-temperature magnetic 

susceptibility was studied on a SQUID magnetometer [36] in a 10-Oe 

magnetic field. Temperature-dependent magnetic susceptibility was 

measured in the ZFC (zero-field cooling) and FC (nonzero-field cooling) 

modes. A magnetic moment versus magnetic field plot for EuErCuS3 was 

constructed by 768 datapoints in the range from 0to 9650 Ое. The magnetic 

field was varied in 10-20 Ое steps. 

IR spectra in the range 600–50 cm–1 were recorded with 2-cm-1 

resolution on a VERTEX 70V (BRUKER) FT-IR vacuum spectrometer 

equipped with a SiC IR source and an RT-DTGS detector with a 

polyethylene window and a T240/3wide-band amplifier. Prior to 

measurements the spectrometer was evacuated to a residual pressure of less 

than 0.2 gPa. A cast complex sulfide sample was pounded in an agate mortar; 

the thus-prepared powder was placed on a diamond crystal of a Platinum 

ATR single-reflection ATR accessory for measurements. 

IR absorption spectra in the range 4000–400 cm–1 were measured on 

a FTIR  spectral Varian Excalibur HE 3600. 
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Raman spectra were excited by polarized 514.5-nm and 457.9-nm 

beams of a Spectra-Physics Stabilite 2017 200-mW argon laser (250 µW on 

the test sample). The laser beam was focused on the test sample by an 

Olympus BX41 updated microscope through an Olympus MPlan 100x 

object lens with the digital aperture 0.9. The scattered beam was collected 

through the same object lens and targeted to the spectrometer. Spectra in the 

180° (back-scattered) geometry were obtained on a Horiba Jobin Yvon 

Т64000 spectrometer with a triple monochromator in the dispersion 

subtraction mode in the frequency range 15–3600 cm−1. The used detector 

was a liquid nitrogen-cooled CCD matrix. The focused laser beam diameter 

was ~2 µm. 

The ab initio calculations of the EuErCuS3 crystal structure and 

phonon spectrum were carried out in the framework of density functional 

theory (DFT) [37] using the B3LYP exchange-correlation functional [38,39] 

to take into account both local and nonlocal Hartree−Fock exchanges. The 

calculations were carried out in the program CRYSTAL14 [40,41]. For 

europium and erbium, the ECP53MWB and ECP57MWB quasi-relativistic 

pseudo-potentials [42,43] were used with the attached valence basis set 

ECP53MWB and ECP57MWB-I, respectively [44]. The Gaussian primitives 

with exponents less than 0.1 were removed from the basis sets. For copper, 

the full-electron basis set [45] was used, available on the CRYSTAL 

program site as «Cu_86-4111(41D)G_doll_2000» [41]. For sulfur, the 

DURAND pseudo-potential with the attached valence basis set was used 

[41,46]. The exponents in the two outer orbitals of the valence basis set were 

changed into 0.24 and 0.27. 125 IBZ points were used. The use of pseudo-

potentials for the description of core electronic shells of rare-earth ions, the 

4f shell inclusive, with the valence orbitals involved in chemical bonding 

described by valence basis sets, makes it possible to successfully reconstitute 

the lattice structure and lattice dynamics in the compounds that have a 

lanthanide ion sublattice [47,48]. The crystal structure was first calculated, 
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followed by phonon spectrum calculations for crystal structure optimization. 

Calculation details are found elsewhere [47].  

Diffuse reflection spectrum of EuErCuS3 was measured using 

Shimadzu UV-3600 spectrometer. 

 

3. Results and discussion 
3.1. Crystal Structure 

The EuErCuS3 diffraction pattern (Fig. 1) was indexed in terms of 

orthorhombic space group Pnma, Eu2CuS3 structural type, with the unit cell 

parameters a = 10.1005(2) Å, b = 3.91255(4) Å, c = 12.8480(2) Å; V = 

507.737(14) Å3, Z = 4, ρx = 6.266 g/cm3. The unit cell parameters calculated 

in the DFT frame with the B3LYP functional (a = 10.126 Å, b= 3.896 Å, c 

=12.600 Å, V = 497.044 Å3) correlated with the experimental values. 

The EuErCuS3 structure is described by two-dimensional layers 

(CuErS3) in plane b–а built of distorted tetrahedra CuS4 and octahedral ErS6, 

with Eu2+ ions in between. The atomic coordinates and selected interatomic 

distances for EuErCuS3 are listed in Table 2 and Table 3, respectively. The 

selected bond angles are given in Table 4. 

Table 2. 

Atomic coordinates in the EuErCuS3 structure. 

Atom Wyck. Site х y z 
Eu 
Er 
Cu 
S1 
S2 
S3 

4c 
4c 
4c 
4c 
4c 
4c 

.m. 

.m. 

.m. 

.m. 

.m. 

.m. 

0.76479(16) 
0.01020(11) 
0.24037(24) 
0.05556(47) 
0.42054(49) 
0.25808(44) 

0.25 
0.25 
0.25 
0.25 
0.25 
0.25 

0.00169(9) 
0.74489(9) 
0.22147(14) 
0.11536(34) 
0.10848(35) 
0.82710(28) 

 

Table 3. 

Interatomic distances (d) in the EuErCuS3 structure. 

Bond d, Å Bond d, Å Bond d, Å 

Eu—S1i 
Eu—S1ii 

3.2800(49) 
2×3.0629(37) 

Er—S1iv 
Er—S2v 

2×2.7372(32) 
2×2.7181(33) 

Cu—S1 
Cu—S2 

2.312(5) 
2.328(5) 
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Eu—S2ii 
Eu—S3iii 

˂Eu—S˃  

2×3.0552(39) 
2×2.9529(29) 

3.060(2) 

Er—S3 
Er—S3vi 

˂Er—S˃  

2.7174(45) 
2.7093(45) 

2.723(2) 

Cu—S3vii  

˂Cu—S˃  
2×2.3810(23) 
2.350(2) 

 

The parenthesized values are mean interatomic distances. Symmetric 

positions: (i) 1+x, y, z; (ii) 1-x, -0.5+y, -z; (iii) 1-x, -0.5+y, 1-z; (iv) -x, -

0.5+y, 1-z; (v) 0.5-x, -y, 0.5+z; (vi) -0.5+x, 0.5-y, 1.5-z; (vii) 0.5-x, -y, -

0.5+z; (viii) 1-x, 0.5+y, -z; (ix) 1-x, 0.5+y, 1-z; (x) -x, 0.5+y, 1-z; (xi) 0.5-x, 

1-y, 0.5+z; and (xii) 0.5-x, 1-y, -0.5+z 

 

Table 4. 

Selected bond angles in the EuErCuS3 structure. 

Angle ω, deg Angle ω, deg 
S1i—Eu—S1ii 
S1i—Eu—S2ii 
S1i—Eu—S3iii  
S1ii—Eu—S1viii  
S1ii—Eu—S2ii 
S1ii—Eu—S2viii  
S1ii—Eu—S3iii  
S1ii—Eu—S3ix 
S2ii—Eu—S2viii  
S2ii—Eu—S3iii  
S2ii—Eu—S3ix 
S3iii—Eu—S3ix 
S1iv—Er—S1x 

71.83(11) 
139.01(7) 
74.83(11) 
79.39(11) 
74.13(11) 
122.99(12) 
89.37(9) 

146.64(13) 
79.63(12) 
82.7(1) 

136.17(13) 
82.98(10) 
91.24(14) 

S1iv—Er—S2v 
S1iv—Er—S2xi 
S1iv—Er—S3 
S1iv—Er—S3vi 
S2v—Er—S2xi 
S2v—Er—S3 
S2v—Er—S3vi 
S3—Er—S3vi 
S1—Cu—S2 

S1—Cu—S3vii 
S2—Cu—S3vii 

S3vii—Cu—S3xii 

88.34(10) 
178.90(14) 
88.20(12) 
89.76(12) 
92.06(14) 
90.77(12) 
91.25(12) 
177.09(9) 
105.28(18) 
109.97(13) 
110.51(13) 
110.50(16) 

 
Bond valence sum calculation is sometimes used for determination of 

valence states from the XRD data. Commonly it is considered as indirect 

method with low fidelity. Nevertheless, we tried these calculations for 

EuErCuS3 in view of problematic valence states of metal ions. To our 

surprise, the conformity in the case of this specific material appeared to be 

almost perfect. According to our bond valence sum calculations with the 

parameters outlined in [49] as presented in Table 5, the valence states of Eu, 

Er and Cu ions in EuErCuS3 are close to 2, 3 and 1, respectively. Later the 

optical evidence for valence state of RE ions will be discussed.  
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Table 5. Bond valence calculations for Eu, Er and Cu in EuErCuS3.  

Bond Dist., Å R, Å B BVal 
Eu—S3 2.953 2.584 0.37 0.369 
Eu—S3 2.953 2.584 0.37 0.369 
Eu—S2 3.055 2.584 0.37 0.280 
Eu—S2 3.055 2.584 0.37 0.280 
Eu—S1 3.063 2.584 0.37 0.274 
Eu—S1 3.063 2.584 0.37 0.274 
Eu—S1 3.281 2.584 0.37 0.152 

Sum 1.998 
Er—S3 2.709 2.460 0.37 0.510 
Er—S3 2.718 2.460 0.37 0.498 
Er—S2 2.718 2.460 0.37 0.498 
Er—S2 2.718 2.460 0.37 0.498 
Er—S1 2.737 2.460 0.37 0.473 
Er—S1 2.737 2.460 0.37 0.473 

Sum 2.950 
Cu—S1 2.311 1.898 0.37 0.328 
Cu—S2 2.327 1.898 0.37 0.314 
Cu—S3 2.381 1.898 0.37 0.271 
Cu—S3 2.381 1.898 0.37 0.271 

Sum 1.183 
 
A EuErCuS3 powder consists of planar particles with linear sizes of 1 to 10 

µm (Fig. 3). Energy dispersive X-ray spectrometric analysis was performed 

at 5 different locations on the sample surface. The chemical composition of 

the sample agrees with the theoretical contents of the elements. 

 

3.2. Thermal Properties and Microhardness 

The DSC heating curves for a polycrystalline EuErCuS3 sample feature three 

endotherms in the range 1524-1610 K induced by first-order phase 

transformations, namely, polymorphic transitions (Fig. 3). Similar transitions 

were detected in ALnCuS3 (A = Sr or Eu) isostructural compounds [8,18]. 

The polymorphs of the compound are denoted in the increasing order of 

temperatures like in the case of EuErCuS3. The temperatures and enthalpies 

of phase transitions, determined by the heating curves, are listed in the Table 

6. 
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Table 6. 

Physicochemical characteristics of EuErCuS3 

Temperatures (K) and enthalpies (kJ·mol-1) of phase transitions 
Тα↔β ∆Hα↔β Тβ↔ γ ∆Нβ↔γ Тγ↔δ ∆Нγ↔δ Tcr ∆Нcr 

1524±2 2.3±0.2 1575±3 0.7±0.1 1602±3 1.3±0.1 1735±10* -3.5±0.3* 
        

χ obs·107, 
 m3
·mol-1 

С·104, 
m3
·K·mol-1 

Band gap, 
eV 

Sample 
color  

Н, 
MPa 

Tc,K 

obs calc obs calc obs calc 
7.99 2.45 2.43 1.93 2.56 Red-

brown 
2850±150 4.8±0.2 5.0 

*As shown by DSC cooling curves. 

The phase transitions occur within a narrow temperature range less 

than 10 K. The thermal features are completely reproduced upon cooling, so 

the transitions may be regarded to be rapid. Quenching of samples to 

aqueous NaCl solutions failed to yield high-temperature phases of the 

compound.  

The EuErCuS3 compound is formed in EuS-CuErS2 quasi-binary 

section in Cu2S-Er2S3-EuS triangle. 

EuErCuS3 compound melts incongruently. According to the XRD and SEM 

data, the single-phase samples of compound EuErCuS3 having been 

crystallized from the melt during DSC were found to change into the three-

phase compounds. The microstructure of the sample contains primary brown 

crystals of the phase of EuS (H = 1300 MPa) surrounded by the EuErCuS3 

phase crystals being of light brown colour (H = 2850 MPa). In the sample 

the eutectic consisting of elongated grains of the EuErCuS3 and CuErS2 

phases was observed between the grains of the EuErCuS3 phase. The 

diffraction peaks of all phases were detected on a diffraction pattern. The 

temperature of incongruent melting of the compound with change in 

composition of the samples remains constant. The Tamman triangle 

indicates that thermal effect of incongruent melting belongs to EuErCuS3 

compound. This phase transformation scheme, i.e. EuErCuS3 (cr.) ⇄ EuS 

(cr.) + l is indicative of incongruent melting. Since the thermal effect of 

incongruent melting on the heating curve is blurry, both the temperature of 
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the starting phase transition and the enthalpy were determined from the 

cooling curve. The exothermic effect of the solidification, produced in the 

course of cooling (∆H = - 9.8 J·g-1), was tentatively divided into two peaks 

(∆H = - 2.6 J/g и ∆H = - 7.2 J·g-1). The first exothermic peak, turning up in 

the temperature interval 1735-1740 К characterizes the formation of the 

primary crystals EuS (∆H = - 0.5 kJ·mol-1), the second thermal effect shows 

the result of interaction of the formed crystals EuS with the liquid with the 

formation of the EuErCuS3 compound (∆H = - 3.5 kJ·mol-1). Since under 

cooling we can observe the supercooling effect, the temperature data 

concerning this phase transition are given tentatively. 

The microhardness value measured for EuErCuS3 (Table 6) exceeds 

the microhardness of isoformula compounds (for EuLaCuS3, H = 2050 MPa 

[17]), in correlation with the decreasing Ln3+ radii. 

 

3.3. Magnetic Properties  

The 298 K magnetic moment of the test sample rises linearly with 

field intensity, a trend typical of a paramagnetic state (Fig. 4). The molar 

magnetic susceptibility χ was calculated from the plot (Fig. 4, Table 6). 

The temperature-dependent magnetic susceptibility below 14 K 

shows a transition to an ordered anisotropic magnetic structure at 4.8±0.2 K 

(Fig.5). The reciprocal magnetic susceptibility near the phase transition 

departs from the linear trend; this departure is typical for ferrimagnets and 

correlates with a similar behavior observed for EuGdCuS3 (where the 

transition temperature is 5.37 K [13]). 

In Néel’ theory, the temperature-dependent reciprocal magnetic 

susceptibility for a two-sublattice ferrimagnet is described by the 

relationship [50] 

�
χ

= �� + �
χ� − σ�	θ (1) 
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Where С is the Curie constant; and χ
, σ, and	θ are the fitting 

parameters (including С). 

Processing of the experimental data (Fig.5) gave a value of 2.45·10-4 

m3
·K·mol-1 for C (for EuGdCuS3, С = 1.95∙10-4 m3

·K·mol-1 [13]). The 

relationship	C = �
 ���� �μ��
� +μ��

� �  (whereμ is the magnetic moment 

equal to 7.94μ� and 9.58μ� for Eu2+ and Er3+, respectively [51,52]) gave С 

= 2.43·10-4 m3
·K·mol-1 for the paramagnetic state of EuErCuS3. The thus-

calculated values of the Curie constant were used to calculate χ for 298 K: 

8.23∙10-7 and 8.19∙10-7 m3
·mol-1; these χ values coincide, to within 3%, with 

the experimentally determined value χ = 7.99∙10-7 m3
·mol-1 (for EuGdCuS3, 

χ ≈6.3∙10-7 m3
·mol-1 [13]). The calculations of the Curie temperature (at 

which 
�
χ

= 0) through the parameters (C, χ
, σ, and	θ)of model (1) by 

the relationship (2) give Tc = 5.0 K. 

 

T" =θ− �
χ� + ��#$θ− �

χ�%
� + 4C$θ

χ� +σ%               (2) 

 

3.4. Vibrational Spectroscopy 

Figure 6 shows Raman spectra recorded at various excitation 

wavelengths. The noticeable differences between the observed spectra 

indicate that luminescence spectra were recorded together with the 

vibrational spectrum. The joint analysis of these spectra makes it possible to 

exclude the luminescence contribution and recognize the lines that reliably 

belong to the vibrational frequencies of the crystal unit cell.  

Selection rules were calculated for interpreting the observed 

vibrational spectra. The result is shown in Table 7. The crystal belongs to 

space group Pnma. According to the calculations, 36 modes were expected 

to appear in the Raman spectrum and 27 modes in IR absorption spectra.  
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Table 7. 

Irreducible representations, classification of modes, and Raman tensors for 

EuErCuS3 (space group Pnma, No.62) 

Atom Phonon modes at point G 

Eu 2Ag+Au+B1g+2B1u+2B2g+B2u+B3g+2B3u 
Er 2Ag+Au+B1g+2B1u+2B2g+B2u+B3g+2B3u 
Cu 2Ag+Au+B1g+2B1u+2B2g+B2u+B3g+2B3u 
S 2Ag+Au+B1g+2B1u+2B2g+B2u+B3g+2B3u 
S 2Ag+Au+B1g+2B1u+2B2g+B2u+B3g+2B3u 
S 2Ag+Au+B1g+2B1u+2B2g+B2u+B3g+2B3u 

Classification of modes 
Gram=12Ag + 6B1g + 12B2g + 6B3g 

Gir=11B1u + 5B2u + 11B3u (acoustic modes are not included) 
Gac=B1u +B2u+B3u 
Gmeh= 12Ag + 6Au + 6B1g + 12B1u + 12B2g + 6B2u + 6B3g + 12B3u

Raman tensors 

Ag 
















000

00

00

d

d

  B1g  

















00

000

00

e

e

 B2g  
















00

00

000

f

f  B3g 
















c

b

a

00

00

00

 

Lattice dynamics calculations were performed for providing the full-

value interpretation of the observed vibrational spectra. 

Referring to Fig. 6, we note that luminescence contribution observed 

in the range above 310 cm-1 under 514.5 nm excitation is easily assignable to 

the transition from excited electronic energy level 2H11/2 of Er3+ ion to the 

ground state. Luminescence from 4S3/2 and 4F9/2 levels of Er3+ ion is also 

detected though it is positioned outside the Raman spectrum region and is  

visible in Fig.6., while no detectable luminescence from excited states of 

Eu3+ ion were observed. Under 457.9 nm excitation, Raman peaks are 

preserved in the spectrum, while 2H11/2 peaks completely disappear. On the 

contrary, for 457.9 nm excitation, the luminescence from 4F7/2 state of Er3+ 

ions is in the low wave number part of Raman spectrum. Presence of 

luminescence from several Er3+ excited levels This is the spectroscopic 

evidence of the purity of valence states Er3+ and Eu2+ earlier derived from 

the XRD data.  
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3.5 Ab initio Lattice Dynamics Calculations and the Interpretation of 

Observed Vibrational Spectra  

The types of phonon modes were determined and the involvement of 

ions in vibrational modes was evaluated based on the displacement vectors 

derived from ab initio calculations (Tables 8-10). In the IR spectrum (Table 

8), rare-earth ions are appreciably involved in low-frequency modes. 

Europium is involved in the modes with frequencies up to 133 cm-1. The B2u  

mode at 93 cm-1 involves both Eu and Er. Erbium is involved in the modes 

with frequencies of up to 145 cm-1. Copper vibrations appear in the IR 

modes with frequencies of up to 294 cm-1. The greatest involvement of 

copper is in the 117.6 cm-1(B1u), 118.1 cm-1(B2u), and 129 cm-1 (B3u) modes. 

Sulfur is involved in all IR modes. The 320.5 cm-1(B1u) and 324 cm-1 (B3u) 

high-frequency IR modes mostly arise from sulfur vibrations. Three more 

modes can be distinguished at 243, 245, and 258 cm-1 (B2u, B1u, and B3u, 

respectively), also arising from sulfur vibrations. Thus, the IR modes that 

arise from sulfur vibrations can be solely distinguished. For other ions, such 

modes are difficult to distinguish; every mode involves several ions of 

different types. For example, the low-frequency IR mode (B3u, 62 cm-1) 

involves all ions (Eu, Er, Cu, and S), and it is difficult to distinguish the 

dominant contribution from any one of them. However, this mode has a low 

intensity. According to the calculations, the 212.9 cm-1 (B2u), 213.4 cm-1 

(B3u), and 259 cm-1 (B1u) modes have high intensities.  Sulfur is substantially 

involved in these modes.  

 

Table 8.  

Calculated IR vibrational frequencies (vcalc, cm-1) and intensities (Icalc, 

km/mol) in EuErCuS3. 

Vibrations vcalc
 Icalc Involved ions Vibrations vcalc

 Icalc Involved ions 
B3u 62 36,09 Eu, Er, Cu, S1, 

S2, S3 
B2u 243 640,72 S1, S2S 
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B1u 65 1,82 EuS, S1, S2 B1u 245 69,05 S1S, S2,S3 
B2u 93 11,69 EuS, ErS, Cu, S2W, 

S3 
B3u 258 506,11 S1, S2, S3S 

B3u 100 28,43 Eu, Er, Cu, S1, 
S2,S3 

B1u 259 1447,84 ErW,CuW,S1,S2,S3 

B3u 105 62,48 EuS, Er, Cu, S1, 
S2, S3 

B3u 269 37,9 Cu,S1, S2,S3S 

B1u 112 25,84 Er, Cu, S1, S2, 
S3W 

B1u 279 106,85 Cu, S1, S2,S3S 

B1u 117,6 0,18 Eu, Er, CuS, S1, 
S2 

B3u 290 0,62 Cu, S1, S2S,S3 

B2u 118,1 47,99 Eu, CuS, S3 B2u 294 251,33 Cu,S3S 
B3u 123,6 10,73 Eu, Cu, S1, S2 B1u 300 10,08 S1, S2S,S3S 

B3u 129 148,97 Er, CuS, S1, 
S2,S3 

B1u 309 20,55 CuW, S1S, S2, S3 

B1u 133 430,77 EuS, Er, Cu, S1, 
S2 

B3u 311 14,18 CuW, S1, S2S, S3 

B1u 145 1,66 ErS, S1, S2,S3 B1u 320,5 12,41 S1, S2,S3S 
B2u 212,9 1950,47 ErW, S1, S2 B3u 324 0,16 S1S, S2,S3S 
B3u 213,4 2113,62 ErW, CuW, S1, 

S2,S3 
    

Notations: «s» stands for a strong and «w» for a weak displacement of ions 

involved in the mode 

According to the calculations, the lowest-frequency Raman mode 

(Ag, 31 cm-1) considerably involves erbium and europium (Table 9), i.e. 

considerable involvement of erbium is in the first four low-frequency modes 

at 31 cm-1 (Ag), 47 cm-1 (Ag), 56 cm-1 (B1g), and 67.8 cm-1 (B3g) and in two 

higher frequency B2g modes at 95 and 160 cm-1, while in the Raman modes 

with frequencies higher than 160 cm-1, involvement of erbium is 

insignificant. Europium is strongly involved in the modes with frequencies 

of up to 86 cm-1; its involvement in higher-frequency modes is far weaker 

and is insignificant only below 160 cm-1. Thus, both erbium and europium 

appear in the modes with frequencies of up below 160 cm-1. Europium is the 

major participant in the B3g mode at 67 cm-1 (Fig. 6), while in the B2g mode at 

93 cm-1, erbium is strong. A considerable involvement of copper is in the 

modes with frequencies of up to 128 cm-1. In the modes with frequencies 

higher than 218 cm-1, copper involvement is weak. Sulfur is involved in all 

Raman modes. However, modes dominated by sulfur ions appear at 230 cm-1 

(B1g), 244 cm-1 (B3g), 274 cm-1 (Ag), 284 cm-1 (B3g).  
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The Au modes, which are IR- and Raman-inactive, were also 

obtained by the calculations (Table 10). In the low-frequency Au mode (68.5 

cm-1), involvement of erbium considerable; erbium is also involved in the 

third lowest frequency mode (111 cm-1). In the 80.5-cm-1 mode europium 

appears. The Au modes with frequencies higher than 111 cm-1 almost do not 

involve rare-earth ions, however, the involvement of sulfur is considerable. 

 
Table 9.  

Calculated Raman vibrational frequencies (vcalc, cm-1) in EuErCuS3. 

Vibrations vcalc Involved ions Vibrations vcalc Involved ions 

Ag 31 
EuS, ErS, Cu, S1, 
S2S,S3 B3g 216,5 

S1S, S2 

Ag 47 
Eu, ErS, CuS, S1, 
S2,S3S B1g 216,6 

S1S, S2,S3 

B1g 56 
ErS, Cu, S1, S2,S3 

Ag 218 
ErW, Cu, S1S, 
S2S,S3 

B3g 67,8 
Eu, ErS, Cu, S1, 
S2,S3 B1g 246 

S1, S2S 

Ag 76 
EuS, ErW, CuS, S1, 
S2,S3 B2g 247 

CuW, S1S, S2,S3 

B3g 77 
EuS, Er, Cu, S1, 
S2W,S3 B3g 249 

S1, S2S 

B2g 79 
EuS, Er, CuW, S1, 
S2,S3 B2g 255 

CuW, S1, S2S,S3 

B1g 80,3 EuS,Cu, S1, S2W, S3 Ag 257 S1, S2,S3S 

B2g 86 EuS, S2 Ag 270 Cu, S1, S2W,S3S 

B2g 95 ErS, Cu, S1, S2,S3 Ag 277 S1S, S2S 
B1g 115,8 Euw, Erw, CuS,S3 B3g 291 CuW,S3S 
B2g 116,3 Erw, CuS,S2 B1g 296 CuW,S3S 
B3g 117,9 Eu, CuS,S3 B2g 302 CuW, S1, S2S,S3S 
Ag 122 Eu, Er, Cu, S1, S2 B2g 303 S1S, S2,S3S 
B2g 123,9 CuS, S1S, S3 Ag 317 CuW, S1, S2S,S3 
Ag 128 Eu, ErW, CuS, S2,S3 B2g 320,7 S1 S, S2,S3S 
Ag 137 Eu, Er, Cu, S1, S2 Ag 325 S1 S, S2,S3 
B2g 160 Eu, ErS, S1W, S2W 

B2g 328 CuW, S1, S2S,S3 

 

Table 10.  

Vibrational frequencies (vcalc, cm-1) of Raman silent modes in EuErCuS3 

Vibrations  vcalc
 Involved ions 

Au 68,5 ErS, CuW, S1, S2, S3W 

Au 80,5 EuS, ErW, Cu, S2W, S3 
Au 111 Eu, ErS, S3 
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Au 211 S1S, S2, S3 
Au 244 S1S, S2 
Au 292 CuW, S3S 

 
A comparison of the vibrational frequencies of Raman- and IR-active 

modes calculated in terms of DFT with the B3LYP functional with the 

experimental data appear in Figs. 6 and 7. 

The calculated IR absorption spectrum corresponds with the 

observed one. The low-frequency IR modes involve all ions (Eu, Er, Cu, and 

S), and it is difficult to distinguish the dominant contribution from any one 

of them. The strongest lines, according to the calculations, are related to 

sulfur vibrations and appear in the range from 210 to 260 cm-1. The low-

frequency Raman vibrations are also related to the vibrations of all ions 

(lattice vibrations). The vibrations in the range 67-300 cm-1 have been 

identified. According to the calculations, the high-frequency modes are 

associated with strong displacements of sulfur ions, so the high-frequency 

vibrations that emerge in the observed spectrum in the range 230 - 300 cm-1 

are assigned to the vibrations of sulfur ions. 

 

3.6. Electronic Structure Calculations and Bandgap Measurement 

The band structure and the density of states obtained in terms of DFT 

with the B3LYP functional are shown in the Fig. 8. The path in the Brillouin 

zone is plotted through the most highly symmetric points for the 

orthorhombic lattice. The path is made through Г-X-Z-U-Y-S-T-R-Г. The 

coordinates of points are (0,0,0,), (1/2,0,0), (0,0,1/2), (1/2,0,1/2), (0,1/2,0), 

(1/2,1/2,0), (0,1/2,1/2), (1/2,1/2,1/2), (0,0,0) respectively. Bilbao 

Crystallographic Server was used. Since for europium and erbium pseudo-

potentials that replaced their core shells including 4f were used the band 

structure do not include 4f states.  The bandgap was calculated to be 2.56 eV. 

The bandgap was defined as the difference in energy between the top of the 

valence band and the bottom of the conduction band (it is “HOMO-LUMO” 
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gap). The bandgap is direct (Γ-Γ). The calculation was carried out for the 

ideal crystal structure. In this case the f- orbitals of rare-earth ions were 

replaced by a pseudopotential. The difference between the measured (1.934 

eV) and calculated (2.56 eV) forbidden gap values may be due to these facts. 

(The impurity of Er2O2S (1%) is present in the sample. According to 

experimental data, the band gap value of Er2O2S is about 4 eV [53]. 

Therefore the difference between the measured and calculated band gap 

values cannot be explained by the presence of this impurity.) 

The projected DOS onto the whole set of atomic orbitals of an Eu, Er, 

Cu and S atoms was calculated near to bandgap (Fig. 8C). According to the 

calculations, the DOS of sulfur locate near to top of valence band and 

bottom of conduction band. The DOS of rare-earth and copper locate near to 

top of valence band. EuErCuS3 is a mid-gap, direct-bandgap semiconductor. 

Fig. 9 presents Kubelka-Munk function determined according to the 

measured diffuse reflection spectrum of EuErCuS3. The agreement between 

the experimental value of Eg and the calculated one is not perfect, however, 

it can be considered as a satisfactory one. Additionally, the position of H13/2 

energy level of Er3+ ion within the bandgap can be identified from the the 

data of reflectance spectra. This energy level is observable as the narrow 

peak at the left side of Kubelka-Munk function, and the maximum of this 

peak is at 1.546 micron (6468 cm-1), approximately in the same region where 

Er luminescence of Er ion is observed in oxides [54].  

 
4. Conclusions 

This article addresses the synthesis, structure, optical, magnetic, 

durometric, and thermal properties of the new complex sulfide EuErCuS3. 

The compound crystallizes in a Eu2CuS3-type structure, which is typical for 

the EuLnCuS3 compounds that contain mid-series lanthanides ranged from 

samarium to erbium. EuErCuS3, which contains the magnetic ion Er3+, 

experiences a ferrimagnetic transition at 4.8 K. The compound manifests 
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three reversible polymorphic transitions in the temperature range 1524-1720 

K. It melts in congruently at 1740 K. The magnetic and thermal properties of 

EuErCuS3 are compliant with the data published for the ALnCuS3 (A = Sr, 

Eu; Ln = La-Lu) isostructural compounds [8,13,14]. Ab initio crystal 

structure and phonon spectrum calculations have been performed for 

EuErCuS3 in terms of the LCAO-MO approach and density functional theory 

with the use of the B3LYP hybrid functional. The results of the calculations 

enabled us to interpret the observed vibrational spectra. Valence state of RE 

ions (Er3+ and Eu2+) was checked by combination of XRD and 

luminescence spectroscopy. Optical band gap was found to be 1.934 eV 

from diffuse reflectance spectrum. The difference between the measured and 

calculated values may be due to the fact that in the calculations the f- 

orbitals of the rare-earth ions were replaced by a pseudopotential.  The 

calculation was carried out in order to reproduce the dynamics of the crystal 

lattice. For this purpose this approach is fully justified. Moreover, the 

calculation was carried out for an ideal crystal structure. 

Vibrational modes of EuErCuS3 lattice are identified in the 

experimental Raman spectrum. 
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Captions 

Fig. 1. Measured (1), calculated (2), and difference (3) X-ray diffraction 

profiles of a EuErCuS3 sample after DDM structure refinement. The bars 

indicate the peaks positions of the major phase and Er2O2S. 

Fig. 2. [010] perspective projections of the EuErCuS3 structure. 

Fig. 3. SEM micrograph and thermal curves for a EuErCuS3 sample. The 

DSC curve is black, the TG curve is green. 

Fig. 4. Magnetic moment versus magnetic field for EuErCuS3. 

Fig. 5. Temperature-dependent reciprocal magnetic susceptibility for a 

EuErCuS3 sample. 

Fig. 6. Raman and luminescence spectra of the EuErCuS3 crystal excited by 

514.5- and 457.9-nm laser beams. The bars indicate the calculated Raman 

frequencies of EuErCuS3. 

Fig. 7. IR spectrum of EuErCuS3. The bars indicate the calculated IR 

vibrational frequencies in EuErCuS3. EuErCuS3 is IR-transparent in the 

wave number window 4000–400 cm–1. 

Fig. 8. EuErCuS3 band structure and the density of states. 

Fig. 9. Diffuse reflection spectra of EuErCuS3. 
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     Highlights 

1. The EuLnCuS3 compound exhibit ferrimagnetic properties at low temperature. 
2. The polymorphic transitions for EuLnCuS3 are identified at high temperature. 
3. EuErCuS3 is a wide-gap semiconductor.  
4. Valence purity of Eu2+ is proved via both XRD and optical techniques 
5. The ab initio calculation of the Raman and infrared spectra of EuErCuS3, made 
for Pnma symmetry, agrees well with experiment. 


