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Abstract: Layered orthorhombic single crystals of EuYCuTe3 are synthesized using the
ampoule method from the elemental precursors taken in the ratio of 1 Eu:1 Y:1 Cu:3 Te
by heating up to 1120 K with an excess of Csl as flux. The orthorhombic structure of
EuYCuTe;s is established, and structural parameters are obtained using X-ray diffraction.
At ambient conditions, the sample crystallizes in the space group Pnma with the unit cell
parameters a = 11.2730(7) A, b=43214(3) A, c = 14.3271(9) A. The structure is composed
of vertex-connected [CuTey]”~ tetrahedra, which form chains along the [010] direction,
and of edge-connected [YTes]°~ octahedra, which form layers parallel to the (010) plane.
The Eu?* cations are found in a capped trigonal prismatic coordination of Te?~ anions.
The structural phase transition from the « to the § phase is discovered upon heating the
sample to 323 K, which comes accompanied with a decrease of [CuTes]”~ tetrahedral

check for distortion. The symmetry of the high-temperature phase is established as ordered in the
updates space group Cmcm (a = 4.3231(3) A, b=14.3328(9) A, c = 11.2843(7) A). The nature and
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energy is estimated, and the dynamical properties of EuYCuTe; single layers are studied.
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sensor elements [1-3]. Copper rare-earth metal chalcogenides are of particular interest
because of the high mobility of Cu*, which leads to “phonon-liquid electron-crystal” be-
havior, fast ionic conductivity, low heat capacity, structural disorder, superionicity and
promising thermoelectric properties [4—6]. In the structures of heterometallic quaternary
chalcogenides, anionic two-dimensional layers are formed by the coordination polyhedra
of chalcogenide about the rare-earth metals and [CuChy]”~ [7-21]. Layered crystalline
structures of the yttrium family M?*Cu*Y3*(Ch?~); (Ch = S, Se, Te) exhibit remarkable flex-
ibility regarding the substitution of cations M?*, leading to the formation of isostructural
compounds or a symmetry reduction from the space group Cmcm to Pnma. A reduction
of the radius r;(M?*) by more than 12% (r;(Ba®*) = 1.35 A vs. ri(Sr**) = 1.18 A [22]) is
accompanied by a change in the symmetry of the quaternary yttrium chalcogenides. Ex-
amples include compounds containing alkaline earth metals: BaYCuChs (Ch = S [23,24],
Se [4,24], Te [7]) and SrCuYChs (Ch = S [25], Se [4,26]), crystallizing in different space groups:
Cmcm and Pnma, respectively. Closer proximity of the ionic radii r;(M?*) (for example,
r(Sr?*) = 1.18 A vs. r;(Eu?*) = 1.17 A) [22] facilitates the formation of isostructural com-
pounds, such as SrCuYChs [4,25,26] and EuYCuChs (Ch =S [8], Se [27]), which crystallize
in the same space group (Pnma) and structure type. The M?* cations in the MYCuChj
structures are weakly bound to the crystal lattice as compared to the Cu*, Y3* and Ch?~
ions, which participate in directed polar covalent bonding [5,6,28]. In the MYCuChsz com-
pounds, there is a tightly bound sublattice [YCuChz]>~, which can lead to improved electric
transport properties, while the weakly bound cations M?* help to induce low thermal
lattice conductivity [5,6,28-30], making these compounds potential thermoelectrics [6].

Solid-state yttrium chalcogenides are an attractive subject, not only because of their in-
teresting structural features but also due to their desirable physical properties, which show
a wide potential for applications. For example, EuYCuChs (Ch =S [8], Se [27]) demonstrates
a ferromagnetic transition at low temperatures, BaYCuS3 exhibits high thermal stability [23],
and MYCuChz (M = Eu [8,27], Sr [26], Ba [23]; Ch =S, Se) displays semiconducting proper-
ties, with the compound EuYCuSe; showing band-gap values relevant for photovoltaic
materials [27], and BaYCuTe; exhibiting respectable thermoelectric properties [6]. To date,
most known quaternary yttrium chalcogenides containing both d- and f-metals are sulfides
and selenides, with significantly fewer tellurides reported. Due to the more diffuse nature
of the 5p orbitals, lower electronegativity and larger ionic radius of Te?~, tellurides often
exhibit different structures and properties than sulfides and selenides [19]. The wide range
of interactions (about 4 A), intermediate between the length of a single Te—Te bond and
van-der-Waals interactions, shown by tellurium affects the structural chemistry and physical
properties of tellurides [19]. No information has been found in the literature regarding
attempts to synthesize and investigate the telluride EuYCuTes.

In this article, we provide a detailed description of the synthesis, structural character-
ization and magnetic properties of two polymorphic modifications of EuYCuTes, which
have been experimentally obtained for the first time. Additionally, we present calculations
of the band structures and elastic and dynamic properties, which explain the nature of
the structural rearrangement in the EuYCuTe; crystals as a second-order phase transition.
Moreover, we model a monolayer peeling and study its dynamic properties theoretically.

2. Materials and Methods
2.1. Materials

The elements Eu (99.99%), Y (99.99%), Te (99.9%), Ar (99.99%) as well as CoH; (99.9%)
and Csl (99.9%) were purchased from ChemPur (Karlsruhe, Germany), while Cu (99.999%)
was obtained from Aldrich (Milwaukee, WI, USA).



Materials 2025, 18, 820

30f23

2.2. Synthesis

The starting compounds were taken in the ratio of 1 Eu:1 Cu:1 Y:3 Te. To obtain
the chalcogenide EuYCuTe3 with a mass of 0.25 g, the following amounts of the initial
components were used: m(Y) = 0.0323 g, m(Cu) = 0.0231 g, m(Eu) = 0.0553 g, m(Te) = 0.1393 g.
Csl was taken in a threefold excess relative to the total mass of all starting compounds.

Elementary copper, tellurium, europium and yttrium were crushed into small pieces
measuring 2-3 mm in an agate mortar, weighed on analytical scales, and placed in a glassy
silica ampoule. To lower the reaction temperature, 800 mg of cesium iodide were added
as a fluxing agent. All operations were conducted in an argon atmosphere of a glove
box. A layer of amorphous carbon, obtained by acetylene pyrolysis, was preliminarily
applied to the inner walls of the silica ampoules. The ampoules were hermetically sealed
with a quick fit, removed from the glove box, evacuated to 2.1073 mbuar, torch sealed,
placed in a muffle furnace, heated to 1120 K for 30 h, maintained for 96 h, and then
cooled to 570 K over 140 h and finally down to room temperature over 3 h. The reaction
proceeded as follows: Eu + Cu + Y + 3 Te — EuYCuTe3. Csl did not chemically interact
with the starting compounds or reaction products. The crude product was purified from
the residual flux using demineralized water. The product consisted entirely of black,
needle-like crystals of EuYCuTe3 up to 500 pm in size, and no by-products could be
observed. To obtain the second polymorph of EuYCuTe; with the space group Cmcm, the
obtained crystals were additionally heated to 323(2) K, with no change in crystal color.
The obtained crystals were suitable for single crystal X-ray diffraction analysis and taking
measurements of their magnetic and optical properties. Unfortunately, high-quality powder
X-ray diffraction patterns could not be obtained, as copper compounds are strong absorbers
of molybdenum radiation.

2.3. X-Ray Diffraction Analysis

The single-crystal diffraction intensities for the Pnma-form of EuYCuTez were obtained
at room temperature 293(2) K, while for the Cmcm-form of EuYCuTe; the data collection
temperature was 323(2) K using a x-CCD single crystal diffractometer (Bruker AXS, Billerica,
MA, USA) equipped with a CCD detector, a graphite monochromator and a Mo-K radia-
tion source. The unit—cell parameters were determined and refined for a set of 11880 and
6391 reflections for the Pnma- and the Cmcm-form, respectively. The unit-cell parameters of
both modifications corresponded to the orthorhombic crystal system. The space groups
(Pnma vs. Cmcm) were determined from the statistical analysis of the intensities of all reflec-
tions. Absorption corrections were applied using the program SADABS (2008). The crystal
structure was solved by direct methods using the program SHELXS (2013) and refined in
the anisotropic approximation using the program SHELXL (2013) [31]. Structural studies
for missing symmetry elements were carried out using the program PLATON (2009) [32].
The crystallographic data have been deposited with the Cambridge Crystallographic Data
Centre. The data can be downloaded from www.ccdc.cam.ac.uk/data_request/cif (accessed
on 25 December 2024).

2.4. Magnetic Measurements

The magnetic measurements were performed via the MPMS3 measurement system by
Quantum Design (San Diego, CA, USA). Using a SQUID magnetometer, the temperature
dependencies of the magnetic moments of the EuYCuTez sample with a mass of 0.01473 g
were measured in the temperature range from 2 to 300 K under constant external field of
40 kA-m~!. Measurements were conducted in both FC (field-cooled) and ZFC (zero-field-
cooled) modes. Another experiment, which consisted of measuring the dependence of the
magnetic moment of the same sample, stayed at a constant temperature on changing the
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external magnetic field using a vibrating sample magnetometer. The field varied from 0 to
+4 MA-m~! in magnitude; the temperature points were 2 and 300 K.

2.5. Spectroscopy of the Raman Scattering

Raman spectra of the single crystal sample of EuYCuTe; were acquired using a Horiba
XploRa spectrometer (HORIBA Scientific, Kyoto, Japan). The excitation light at a wave-
length of 532 nm was used. The acquisition conditions were as follows: filter-10, hole-300,
slit-100, and resolution-2400.

2.6. DFT Calculations

The structure and properties of a- and S-EuYCuTe; crystals were calculated within
the framework of the DFT approach for the first time.

The structure and dynamics of the crystal lattice were calculated using a pseudo-
potential «4f in core» for the rare-earth ion Eu?* and a valence basis set to describe the outer
electrons 5s25p° that are involved in the chemical bond. This approach allows an adequate
description of the crystal structure, phonon spectrum, and elastic properties.

The structure and dynamics of the crystal lattice were calculated by using hybrid
B3LYP functional. Thus, the contribution of non-local Hartree-Fock exchange was taken into
account. The calculations have been performed in a program CRYSTAL17 [33,34] designed
for modeling periodic structures within the framework of the MO LCAO approach.

The electronic band structure and magnetic moments ordering were calculated with
explicit consideration of 4f shell of europium in the plane wave basis at the level GGA+U
(U =4.5eV) using ABINIT v9.8 software package [35].

Details of calculations of the structure and dynamics of the crystal lattice in CRYSTAL
program. The Pseudo-potential ECP53MWB with attached basis set of TZVP type have
been used for europium Eu?* [33,36,37]. That is, this potential replaces the electron shells
of europium, including the 4f shell. The outer shells 5s*5p°®, which form the chemical
bond, were described by means of wave functions. This pseudo-potential and valent basis
set is available on the University of Cologne website [38]. For yttrium pseudo-potential,
«Y_POB_TZVP_2018» [34] was also used. This pseudo-potential replaces electron shells
with (n = 1-3). The outer shells with (n = 4-5) were described by means of a valent
basis set of the TZVP type. For copper ions, we used a full-electron basis set «Cu_86-
4111(41D)G_doll_2000» [34]. For tellurium, we also used a full-electron basis set [39]. In
the tenth shell of tellurium, the exponent was set to 0.17. Gaussians whose exponents are
less than 0.1 were deleted from the basis sets since the calculations are periodic.

The tolerance at calculations of two-electron integrals was at least 1078 a. u. The
tolerance at the calculation of the self-consistent field was 10~? a.u. The Monkhorst-Pack
scheme is used at CRYSTAL code for integration over the Brillouin zone. We used k-points
mesh 8 x 8 x 8 for this.

Full optimization of the crystal structure has been performed for a- and p-EuYCuTes
crystals, which include atomic positions and unit-cell parameter relaxation until forces on
atoms become less than 10~ Ha/Bohr and stress tensor components reach values below
0.01 GPa. Phonon spectra at the Gamma point were calculated for the optimized structure.
Tensor of elastic constants was calculated for optimized crystal structure too. Details of
the calculations are described in the work [40]. We used B3LYP functional [41]. It is a
well-known hybrid functional with part of the Hartree-Fock exchange equal to 20%. B3LYP
is a widely used DFT functional. A huge number of compounds with ionic and covalent
bonds were described by using B3LYP [42].

The phonon-dispersion calculations were performed using a super-cell approach
within the frozen phonon method as implemented in the “PHONOPY” software package
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(Version 2.18) [43]. The 2 x 2 x 2 size of super-cell was used for bulk phases and 2 x 2 x 1
for layered structures. The Griineisen parameter was obtained by the calculation of phonon
states calculated for a set of structures with various unit—cell volumes. The optimization of
structural parameters with a fixed volume of the unit cell during exfoliation simulation
was held using the BFGS algorithm as implemented in the atomic simulation environment
“Python library” [44].

3. Results
3.1. Layered Crystal Structures of a- and B-EuYCuTe;

According to X-ray diffraction analysis of the single crystals, it has been established
that the quaternary telluride EuYCuTe; is dimorphic. After ampoule synthesis from
elements taken in a ratio of 1 Eu:1 Y:1 Cu:3 Te, heated to 1120 K in excess with a CsI flux
and slowly cooled to room temperature, orthorhombic crystals with Pnma symmetry of
the structure type EuyCuS; were obtained. Crystallographic data, details of data collection,
atomic coordinates, thermal displacement parameters, bond lengths and valence angles
are presented in Tables 1 and 2 and Tables S1 and S2 in the Supplementary Material. The
obtained modification is designated as a-EuYCuTe3;. The quaternary chalcogenides of
the isostoichiometric composition EuYCuSe; [27] and EuYCuS; [8] are isostructural with
the telluride. Heating the obtained single crystals of a-EuYCuTes to 323 K resulted in a
change in symmetry of the orthorhombic crystals and the formation of a more symmetric
structure in the space group Cmcm of the structure type KZrCuS; (Tables 1 and 2 and
Tables S1 and S2 in the Supplementary Material). This modification is designated as -
EuYCuTes. The parameters obtained from DFT calculations are a = 11.1669 A, b=43248 A,
¢ =14.4700 A for a-EuYCuTes and a = 4.3375 A, b = 14.4812 A, ¢ = 11.1074 A for B-EuYCuTes
and, thus, are in good agreement with those determined experimentally (Table 1).

Table 1. Main parameters of processing and refinement of the a- and -EuYCuTe; crystal data.

a-EuYCuTe; B-EuYCuTe;
Molecular weight (g/mol) 687.21
Space group Pnma (no. 62) Cmcm (no. 63)
Structure type EuyCuS; KZrCuS;
V4 4
a(A) 11.2730(7) 4.3231(3)
b (A) 4.3214(3) 14.3328(9)
c (A) 14.3271(9) 11.2843(7)
V (A3) 697.95(8) 699.20(8)
Pcal (g/cm?) 6.540 6.528
# (mm~1) 32.30 32.24
Reflections measured 14005 6391
Reflections independent 908 482
Reflections with F, > 40(F,) 745 386
Omax (©) 27.38 27.45
h, k, I limits +14, +5, +18 +5, +18, +14
Rint 0.083 0.121
Refinement results
Number of refinement parameters 38 24
Ry with Fy, > 40 (F,) 0.027 0.045
wRy 0.061 0.112
Goof 1.070 1.019
Apmax (e/A3) 1.329 1.438
APmin (e/A3) —1.278 —1.386
Extinction coefficient, e 0.0023(1) 0.0026(2)
CSD-number 2355695 2355696
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Table 2. Bond lengths (d/ A) and bond angles (£/°) in the crystal structures of a- and S-EuYCuTes.

a-EuYCuTes
Bond lengths
Eu-Te3 ! 3.3075(7) Y-Te3 3.044(1) Cu-Te2 2.634(1)
Eu-Te3 i 3.3075(7) Y-Te2 v 3.0509(8) Cu-Tel 2.657(1)
Eu-Tel il 3.3432(6) Y-Te? fii 3.0509(8) Cu-Te3 i 2.673(1)
Eu-Tel v 3.3432(6) Y-Te3 Vi 3.052(1) Cu-Te3 ! 2.673(1)
Eu-Te2 I 3.3552(6) Y-Te1 Vil 3.0661(9)
Eu-Te2! it 3.3552(6) Y-Tel Vil 3.0661(9)
Eu-TelV 3.6442(8)
Bond angles
Te3'-Eu-Te3 ' 81.58(2) Te3-Y-Te2 v 92.74(3) Te2—Cu-Tel 104.24(5)
Te3!-Eu-Tel i 144.84(2) Te3-Y-Te2 il 92.74(3) Te2—-Cu-Te3 1i 112.46(3)
Te3 i-Eu-Tel i 88.46(1) Te2 V_Y-Te iii 90.18(3) Tel-Cu-Te3 i 109.89(3)
Te3 \-Eu-Tel IV 88.46(1) Te3-Y-Te3 Vi 178.03(4) Te2-Cu-Te3 112.46(3)
Te3 i-Eu-Tel I 144.84(2) Te2 V-Y-Te3 Vi 88.66(3) Tel-Cu-Te3 109.89(3)
Tel Hi-Eu-Tel I 80.53(2) Te2 iy _Te3 vi 88.66(3) Te3 1-Cu-Te3 107.86(6)
Te3 i-Eu-Te2 v 81.17(2) Te3-Y-Tel Vil 87.61(3)
Te3 i-Eu-Te2 v 133.46(2) Te2 V_Y-Tel Vil 179.55(3)
Tel H-Eu-Te2 Iv 127.57(2) Te2 iy Te1 Vil 90.10(1)
Tel V—Eu-Te2 v 77.14(2) Te3 Vi-Y-Tel Vii 90.99(2)
Te3 \-Eu-Te2 il 133.46(2) Te3-Y-Te] Viil 87.61(3)
Te3 i-Eu-Te2 il 81.17(2) Te2 IV_Y-Te] Viil 90.10(1)
Tel fi_Eu-Te2 i 77.14(2) Te2 fi-Y_Te] Vil 179.55(3)
Tel V-Eu-Te2 il 127.57(2) Te3 Vi-Y-Te] Viil 90.99(2)
Te2 V—Eu-Te2 il 80.18(2) Tel Vi-Y-Te1 Viil 89.61(3)
Te3 i-Eu-Tel ¥ 74.77(2)
Te3 i-Eu-Tel v 74.77(2)
Tel H-Eu-Tel v 70.07(2)
Tel V-Eu-Tel v 70.07(2)
Te2 V-Eu-Tel ¥ 139.38(1)
Te2 _Eu-Tel ¥ 139.38(1)

Symmetry codes: (i) —x + 1/2, —y,z—l/z; (ii) —x + 1/2, —y+ 1,2—1/2; (iii) —x + l/2, —y+1,z+ l/2; (iv) —x + 1/2, -y,
2+ x+ Y0y, —z+ /5 (Vi) x=1/a,y, —z 4 3/4; (vil) —x, —y + 1, —z + 1; (vii) —x, —y, —z + 1

B-EuYCuTe;
Bond lengths
Eu-Tel ! 3.296(1) Y-Tel ¥ 3.0501(6) Cu-Te2 X 2.645(2)
Eu-Tel i 3.296(1) Y-Tel 3.0501(6) Cu-Te2 2.645(2)
Eu-Te2 il 3.350(1) Y-Te2 Vi 3.0609(8) Cu-Tel it 2.676(2)
Eu-Te2 3.350(1) Y-Te2 Vit 3.0609(8) Cu-Tel! 2.676(2)
Eu-Te2 i 3.350(1) Y-Te2 Vit 3.0609(7)
Eu-Te2 v 3.350(1) Y-Te2 i 3.0609(7)
Bond angles
Tel i-Eu-Tel 1 81.96(4) Tel V-Y-Te2 Vi 91.84(3) Te2 X-Cu-Te2 104.3(1)
Tel \-Eu-Te2 il 139.14(2) Tel-Y-Te2 Vi 88.16(3) Te2 X-Cu-Tel i 111.19(2)
Tel -Eu-Te2 il 84.84(2) Tel V-Y-Te2 Vil 88.16(3) Te2-Cu-Tel i 111.19(2)
Tel i-Eu-Te2 ! 84.84(2) Tel-Y-Te2 Vil 91.84(3) Te2 *-Cu-Tel 111.19(2)
Tel i-Eu-Te2! 139.14(2) Te2 Vi-Y-Te2 Vil 180.00(5) Te2—Cu-Tel 111.19(2)
Te2 fii_Ey-Te2! 127.62(5) Tel Y-Y-Te2 Viil 88.16(3) Tel i-Cu-Tel ! 107.8(1)
Tel i-Eu-Te2 i 139.14(2) Tel-Y-Te2 Viil 91.84(3)
Tel i-Eu-Te2 i 84.84(2) Te2 Vi-Y-Te2 Vil 90.15(3)
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Table 2. Cont.

B-EuYCuTe;
Bond angles
Te2 H_Eu-Te2 i 77.16(3) Te2 Vii_Y-Te2 Viil 89.85(3)
Te2 i-Eu-Te2 i 80.37(3) Tel V-Y-Te2 I 91.84(3)
Tel i-Eu-Te2 I 84.84(2) Tel-Y-Te2 X 88.16(3)
Tel '-Eu-Te2 IV 139.14(2) Te2 Vi-Y-Te2 i 89.85(3)
Te2 Hi_Ey-Te2 IV 80.37(3) Te2 Vi-Y-Te2 i 90.15(3)
Te2 i-Eu-Te2 IV 77.16(3) Te2 Viii_y_Te2 i 180.00(3)
Te2 i-Eu-Te2 I 127.62(5) Tel Y-Y-Tel 180.0

Symmetry codes: (i) x—l/Q,y+ Y/a, z; (i) x + 1/2,y+ L/,, z; (iii) x + 1/2,y+ Lo, —z+1/5; (iv) x—l/z,y+ Ly —z+
Vo (v) —=x, =y, —z; (Vi) —x + 1 /o, =y + /5, —z; (vii) x=1 /2, y—1/2, z; (viil) x + 1 /2, y—1/2, 2 () —x=1/2, —y + /2,

—Z(X)x,y, —z+1/>

The crystal structures of both orthorhombic polymorphs of EuYCuTe; exhibit similari-
ties and differences (Figure 1). The similarity lies in the fact that in both modifications («
and B), the cations Eu?*, Y** and Cu* occupy independent crystallographic positions. Both
structures contain distorted vertex-connected [CuTes]”~ tetrahedra, which form chains
along the [010] direction in a-EuYCuTe; and along the [100] direction in B-EuYCuTes.
The Cu-Te bond lengths d(Cu-Te) are in the ranges of 2.634(1)-2.673(1) A (a-form) and
2.645(2)-2.676(2) A (B-form), which appear lower than the theoretical value of 2.81 A [22].
The values of the bond angles £(Te-Cu-Te) deviate from the ideal tetrahedral angle by
2.9-4.6% («-form) and 1.7—4.6% (B-form) (Table 2). The degree of distortion of the tetrahedra
decreases, when transitioning from the a- into the f-modification. The descriptor values
T4 = 0.96 in a-EuYCuTe; and 14 = 0.98 in B-EuYCuTe; indicate 13-27% distortion from
the ideal tetrahedron towards a trigonal pyramidal shape [45]. In both structures, the Y3*
cations reside in sixfold coordination with the distorted [YTeg]’~ octahedra, forming layers
by edge connection. The bond angles £(Te-Y-Te) deviate from the ideal octahedral angle
(Table 2). The tetrahedral and octahedra form parallel two-dimensional layers in the (110)
or (101) planes, respectively. The main difference between the a- and S-form structures
results from the coordination of the Eu?* cations, however. In the structure of a-EuYCuTes,
they are centers of a monocapped trigonal prismatic coordination sphere, forming chains
along the [010] direction by face connection, with coordination polyhedra connected in
pairs. In the structure of B-EuYCuTes, they adopt a trigonal prismatic coordination, forming
analogous chains along the [100] direction. If one considers two far away Te?~ anions
at a distance of 3.900 A (2x) as coordinative relevant by adding two caps (Te2’) to the
rectangular faces of the [EuTeg 10~ prisms, an extended sphere [EuTeg,2]"*~ would result.
But being 17.1% further apart then the mean Eu-Te value of 3.332 A, the sums of the valence
efforts considering coordination are Eu (1.90), Y (3.01), Cu (1.40) in a-EuYCuTes and Eu
(1.63), Y (2.99), Cu (1.39) in B-EuYCuTes. There is also one more far away Te?~ ligand for
Eu2* in a-EuYCuTes, but this one (Te2’) has a distance of 4.156 A and should not count for
a [EuTegy141]M polyhedron in this case.

Thus, the three-dimensional crystal structures of both polymorphs of EuYCuTe; are
formed by two-dimensional layers consisting of tetrahedra and octahedra in the ab (a-form)
and bc planes (B-form), separated by chains of monocapped trigonal prisms (a-form) and
trigonal prisms (B-form).
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a-EuYCuTe,

p- EuYCuTe,

Figure 1. View at the orthorhombic crystal structures of - and f-EuYCuTe; with the space groups
Pmma (left view) and Cmcm (right view) along the b- and the a-axis, respectively, together with the
telluride coordination polyhedra formed around metal cations.

As the radius of the chalcogenide anions increases in the series of yttrium compounds
EuYCuChs (Ch =S [8], Se [27], Te), which crystallize in the space group Pnma, a decrease
in the T4 descriptor value is observed: 0.984 [8] — 0.976 [27] — 0.958 (this work), and the
distortion degree of the [CuChy]”~ tetrahedral increases by up to 13%. The parameters and
volume of the unit cell also increase as follows:

a=10.1830(3) A (Ch = S) [8] — 10.566(1) A (Ch = Se) [27] — 11.2730(7) A (Ch = Te) (Table 1);
b =3.9260(1) A (Ch = S) [8] — 4.0800(5) A (Ch = Se) [27] — 4.3214(3) A (Ch = Te) (Table 1);

c=12.8482(4) A (Ch =S) [8] — 13.401(2) A (Ch = Se) [27] — 14.3271(9) A (Ch = Te) (Table 1);
V =513.7(1) A3 (Ch = S) [8] — 577.7(1) A3 (Ch = Se) [27] — 697.95(8) A3 (Ch = Te) (Table 1).

In the series of chalcogenides EuYCuChs (Ch = S [8], Se [27], Te), which crystallizes
with the space group Pnma, a systematic increase in the average metal-chalcogen bond
lengths is also observed, according to:

d(Bu—Ch): 3.029 A [8] — 3.147 A [27] — 3.379 A (this work);
d(Y=Ch): 2.752 A [8] — 2.856 A [27] — 3.057 A (this work);
d(Cu—Ch): 2.350 A [8] — 2.481 A [27] — 2.659 A (this work).

No polymorphic modifications have been found in the quaternary yttrium sulfide
and selenide EuYCuChs (Ch =S, Se) thus far. The increase in the metal-chalcogen bond
length may accelerate the transformation of the local geometry around the cations and lead
to the emergence of a second polymorphic modification in the telluride EuYCuTe; with
a relatively small temperature change of 30 K. It was previously known as the telluride
of the alkaline earth element BaYCuTe;s [7], which crystallizes in the space group Cmcm.
Thus, in the yttrium telluride, the increase in the radius of the divalent metal, such as 7;
(Ba?*) = 1.35 A (with a coordination number of 6 [22]), is greater than ri(Eu?*) =1.17 A, and
consequently, the increase in the bond length d(M?*-Te): 3.379 A (M?* = Eu?*) — 3.473 A
(M?* = Ba®") also stabilizes the Crmcm-form.

Therefore, for the first time in the family of quaternary chalcogenides MRECuChs, a
polymorphic transition has been discovered that changes not only the structure type, but
also the space group. Previously, only changes in structure types were observed in isomor-
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phic compounds, while maintaining the same space group in areas of crystallochemical
instability [12,14,24,46,47].

3.2. Magnetic Properties of EuYCuTe;

Experimental data on the magnetic properties of the EuYCuTe; sample contain the
temperature dependence of magnetization at a constant external field and the field depen-
dence at a constant temperature. These dependencies are pictured in Figure 2. The value
of the constant magnetic field is 39.8 kA-m 1!, and the constant temperature amounts to
300 K. This figure also shows the temperature dependence of the inverse molar magnetic
susceptibility calculated from primary experimental data.
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Figure 2. Top: magnetic moment of EuYCuTes at 300 K versus external field. Bottom: specific
magnetization (left ordinate) and reciprocal molar susceptibility (right ordinate) versus temperature.
Bottom right: the same at low temperatures. Black dots—FC mode, red circles—ZFC mode.

The temperature dependence of the inverse susceptibility above 50 K is well de-
scribed by the Curie-Weiss law (x ™' = %) with the following parameter values:
C =0.095 K-m3-kmol 1, 0p = 1.5 K. Here, C is the Curie constant, and 6p is the param-
agnetic Curie temperature. The corresponding effective magnetic moment of y = 7.77 g
was also calculated for this constant. Deviations of the experimental points from the
Curie law with these parameters do not exceed 1%. The value of the Curie constant and
the effective moment are close to those calculated in the theory of paramagnetism for
non-interacting Eu?* cations: 0.0990 K-m3-kmol~! and 7.937 up. The positive sign of
fp indicates a predominantly ferromagnetic nature of the interaction of Eu?* magnetic
moments in the paramagnetic region. Below 3 K, the curves for the FC and ZFC modes
diverge, indicating a transition to a ferromagnetic state. A decrease in the phase-transition
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temperature is observed in the series of yttrium chalcogenides: 4.5 K for EuYCuSs [8], 3.3 K
for EuYCuSes [27] and 3.0 K for EuYCuTes.

The field dependence of the magnetic moment at 300 K is precisely linear. This
indicates that the sample is in a paramagnetic state. From the Curie law for paramagnets
(m = HC/T), the Curie constant and the corresponding effective magnetic moment were
estimated to be C = 0.091 K-m3-kmol ! and y = 7.60 up, which expectedly gives slightly
underrated values as compared to those calculated from the temperature dependence of
the susceptibility.

The appearance of the field dependence graph at 2 K (Figure 3) indicates a ferro-
magnetic state of the sample. The hysteresis loop width is less than 4 kA-m~!, which is
typical for soft ferromagnets. Saturation begins around 0.4 MA - m~!, with the magnetic
moment per formula unit in a maximum field of 4 MA - m~! reaching 6.5 up, compared to
the theoretical value ¢J = 7 for Eu?* cations, which determine the magnetic properties of
the compound.
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Figure 3. Magnetization curves of EuYCuTe; at 2 K.

3.3. Raman, IR and Phonon Spectra

After optimization of the crystal structure, the phonon spectrum was calculated at
the I'-point (Tables S3 and S4 in the Supplementary Material). From the analysis of the
displacement vectors obtained in the ab initio calculation, the displacements of the ions
in each phonon mode were determined (Figure 4). The results of modeling the Raman
spectrum for both forms (Pnma and Cmcm) of EuYCuTe; are shown in Figure 5, when
EuYCuTe; crystallizes in the Cmcm structure for Z = 4. Accordingly, the number of phonon
modes in the Pnma structure is twice as much. EuYCuTe; has 15 Raman modes in the
Cmcm structure and 36 modes in the Pnma structure. Accordingly, the Raman spectra of
these structures differ significantly, as can be seen in the DFT-calculated spectra plotted
in Figure 5. In order to distinguish the nature of spectra evolution, the decomposition of
total spectra on phonon species was carried out. Namely, the impact or Ag modes in the
Raman spectrum is highlighted with a blue-filled area; hence, one may find that an extra
band in the low-frequency range in the Pnma phase is attributed to Ag states. The bands
attributed to Bjg and Byg modes are highlighted by orange and green color, respectively,
and considerable influence on spectra in the crossed polarization setup. The bands related
to Bz phonon states are highlighted by maroon color in the spectra and give a considerable
impact in low frequency ranges.
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and colored filled areas show the contribution of vibrational modes with Ag (blue), Blg (orange), B2g
(green) and B3g (maroon) irreducible representations.

The frequencies of phonons in both the Pnma phase and the Cmcm phase do not
exceed 200 cm™ L.
is manifested simultaneously (Tables S3 and S4 in the Supplementary Material, column
«participating ions»). The experimental Raman spectra are plotted in Figure 6. One can

find a fair agreement between the calculated Raman spectrum for the Pnma phase and the

In such a low-frequency range, the participation of almost all ions
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experimental one. The calculated spectrum of the Pnma phase reproduces very well the
doublet in the vicinity of 150 cm ™!, namely, the low-frequency band is most intense in
contrast to the spectrum calculated for the high symmetry Cmcm phase.

260

240 1

220 4

200 -

180

160 1

Intensity / arb. units

140 A

120 A

50 75 100 125 150 175 200 25
Raman shift / cm~?!
Figure 6. The experimental Raman spectrum (black markers) of EuYCuTes in random orientation

decomposed by Lorenzian fitting on corresponding vibrational bands (color lines). Red line denotes
summary fitting.

A strong mixing of structure units vibrations can be noted. In the Cmcm phase,
europium is strongly involved in modes with frequencies up to 90 cm~!, copper up to
140 cm !, and tellurium up to 150 cm~!. Yttrium is involved in the entire frequency range
(Figure 4). The calculation predicts that the phonon spectrum of the Cmcm phase has
a gap of about 60-70 cm~!, as well as a gap of about 90-110 cm~!. In the Pnma phase,
europium is strongly involved in modes with frequencies up to 90 cm~!, copper up to
160 cm~!, and tellurium up to 150 cm~!. Yttrium is involved in the entire frequency range
as in the Pnma phase. There are significantly more phonon modes in this phase, and the
gaps in the phonon spectrum are significantly narrower. The calculation predicts that the
phonon spectrum of the Prnma phase has a gap of about 96-105 cm ™!, as well as a gap of
about 160-170 cm~!. Note that the gaps in the phonon spectrum of the Pnma phase lie
in approximately the same range as those of the Crmcm phase. This indicates oscillations
of similar structural units. The calculation predicts that in most modes, all or almost all
ions participate. However, several modes can be distinguished in which ions of only one
or two types participate. For example, in the phase Cmcm, only Te2 ions participate in
the B3¢ mode (109 cm™1). In the high-frequency mode Bz, (183 cm™1), yttrium ions are
predominantly involved. In the Pnma phase, Tel and Te2 ions are predominantly involved
in mode B,, mode (105 cm~!). In the high-frequency mode By (202 cm™1), yttrium ions
are predominantly involved. Figure 7 shows the ion displacements in the most intense
Raman mode and in the most intense IR mode in the Cmcm and Pnma phases, respectively.
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Pnma

Bu/ 137 e Big/ 54 cmit

Figure 7. Ion displacements in two IR and Raman modes with maximum intensity in EuYCuTes
(Cmcm-form, top, and Pnma-form, bottom). The a, b, ¢ legends denotes lattice parameters.

3.4. Band Structure of EuYCuTe3

The electronic structure of EuYCuTes is studied by calculations of band structure and
projected density of states. The electronic states are calculated along the path in the Brillouin
zone through the most highly symmetric points for the orthorhombic lattice. For the Pnma
phase the path is composed as I'-X-Z-U-Y-S-T-R-I'. The coordinates of these points are
(0,0,0), (*/2,0,0),(0,0,1/2), }/2,0,1/2),(0,1/2,0), (*/2,1/2,0), 0, /2, 1/2), A /2, /2,
1/,), (0,0, 0), respectively. For the Cmcm phase, the path goes through I'-Y-T-Z-S-R-T. The
coordinates of these points are (0,0, 0), (1/2,1/2,0), (1/2,1/2,1/2),(0,0,1/2),(0,1/2,0),
0,1/2,1/2),and (0, 0, 0), respectively. The band structure of the Pnma phase is plotted in
Figure 8. The spin-up states are plotted with black lines, while the spin-down states are
denoted with red. The strong magnetic ordering can be clearly seen as up and down states
significantly differ (Figure 8, left). According to calculations of projected density of states
(PDOS) shown in Figure 8 (right), the top of the valence band is formed mainly by the
states of copper and tellurium, and the bottom of the conduction band is formed by d-states
of yttrium atoms. It is noteworthy that 4f-states of europium atoms are localized in the
vicinity of the valence band top. These states show a very low dispersion and, therefore, do
not take part in chemical bond compositions, which is very common for highly correlated f-
states. However, several branches attributed to 4f-states of rare-earth elements show strong
dispersion in the vicinity of the I'-point of BZ and can contribute to the optical transition
process. The band gap is defined as the difference in energy between the top of the valence
band and the bottom of the conduction band. According to calculations, for the Pnma phase
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of the EuYCuTejs, it is an ultra-narrow semiconductor with direct optical transition and a
value of the band-gap equal to Eg = 0.46 eV. It should be noted that the well-known DFT
problem in the estimation of the band—gap value can be partially resolved by applying a
Habbard correction to density functional (which is the case in our calculations), but still can
suffer from complete improvement to the problem. Therefore, additional calculations of the
band-gap value were performed using the hybrid B3LYP functional, which predicted an
Eg value equal to 1.86 eV. Such underestimation can be explained in part by replacements
of valence 4f-states in core ones during pseudo-potential construction. Keeping in mind that
the samples are deeply dark with a metallic lustre, one may assume that the actual value of
Eg is in the range of calculated values closer to the lower one.
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Figure 8. The calculated in DFT+U approximation band structure (left) and projected on atomic
species density of states (right) for the Pnma phase of EuYCuTes. The energy level is shifted by Fermi
energy for the sake of clarity. The black and red lines in band structure are branches with spin up and
down states respectively.

The calculated band structure of the Cmcm phase is plotted in Figure S1 (Supplemen-
tary Material). This demonstrates an indirect fundamental band gap with the highest
energy electronic states in the valence band at the I'-point and the lowest energy of the
conduction band at the Y-point of BZ. Thus, the high-temperature phase is a semiconductor
with an indirect fundamental band gap. The value of Eg equal 0.4 eV and 1.76 eV in DFT+U
and B3LYP approximations, correspondingly.

The influence of magnetic order on europium atoms on the electronic structure was
studied as well in the assumption of collinear magnetism for the low-temperature Pnma
phase. There are four magnetic atoms in the unit cell, since europium takes 4c Wyckoff
positions with coordinates (x, Y 2), (=x+1/2,3/4,2+1/2), (=x,3/4,-2), x + /2,1 /4,
~z + 1/5). Therefore, a number of non-equivalent distributions of spins in the unit cell is
possible. Namely, a ferromagnetic state F: [1111] (all magnetic moments are collinear) and
three general antiferromagnetic orderings (AF1: [[11]]; AF2: [tJ1)]; AF3: [11]{]). All
other combinations are either degenerated with the above-mentioned ones or failed to
converge. The calculated total energies for these configurations reveal the ferromagnetic
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state as the most stable one with the lowest energy. The difference of total energy per unit
cell with respect to ferromagnetic ordering is equal to 1.12, 2.83 and 1.88 meV for the AF1,
AF2 and AF3 configurations, respectively. The calculated value of magnetic moment per
formula unit in case of the most stable ferromagnetic ordering is equivalent to 6.89 ug. The
calculated value perfectly matches the experimental data reported in the section “Magnetic
Properties of EuYCuTes”.

3.5. Phonon Dispersion

The calculated phonon dispersion branches of EuYCuTejs are plotted in Figure 9 for
both the Cmcm- and the Pnma-form. The high-symmetry points are labeled according to
paper [48]. It is noteworthy that the number of branches is twice as much in the case of the
Cmcm phase with respect to the Pnma phase due to the difference in a number of atoms
in the unit cell with a factor of two. Although the number of branches is different, the
dispersion for these phases appears alike. As can be seen in Figure 9 (right), the branches
are nearly degenerated; thus, the dispersion of the Pnma phase is formed by coupled
branches. Therefore, the phonon states in these phases are very close, except for the lowest
frequency acoustical branch of the Cmcm phase, which demonstrates the extraordinary
behavior in the vicinity of the Y-point (=1/2,1/2,0) of the Brillouin zone (BZ), as shown in
Figure 9 (left).

: S

TWave\fector/arb. units Wavevector/arb. units

Figure 9. Dispersion of the phonon branches of EuYCuTe; in the high-symmetry (Cmcm, left) and
the low-symmetry case (Pnma, right).

The mode with imaginary frequency is obtained in the Y point of the base-centered
phase, which indicates on structural instability with respect to phonon states. This mode
corresponds to anti-phase displacement of atoms in neighborhood layers perpendicular to
the b-axis as plotted in Figure 10. As will be shown later, the bulk crystal can be exfoliated
on these layers. It is noteworthy that all atoms are displaced in this unstable mode mostly
along the c-axis.

As soon as the calculations are held in harmonic approximation, which is equivalent
to experimental conditions at zero temperature the appearance of the imaginary mode
reveals an instability of the Cmcm phase at low temperatures. Therefore, the experimentally
observed structural phase transition is driven by condensation of the soft mode at the
Y-point of the Brillouin zone (BZ) and accompanied by Y— I' (BZ) folding.

According to symmetry analysis, the transformation matrix of the high-symmetry
phase basis to the low-symmetry one equals to:

010
Tr=(0 0 1|]|1/4 (1)
10 0
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b

Figure 10. Atomic displacement pattern of the imaginary mode in the Y-point of the Brillouin zone in
Cmcm-form of EuYCuTe;. Brown, red and magenta circles denote Te, Cu and Eu atoms, respectively,
for the cyan circles correspond to Y atoms.

The irreducible representation of the soft mode is Y,~; thus, using the program
CORREL [49] of the Bilbao Crystallographic Server (BCS), one obtains the correlation
diagram for IRreps between the Cmcm and Pnma phases, as shown in Figure 11.
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Figure 11. Correlation diagram between the irreducible space-group representations for the parent
high-symmetry (Cmcm) and low-symmetry phase (Pnma).

According to this correlation diagram, the soft Y, ™ mode of the Crmcm phase transforms
into the Ag mode as a result of structural phase transition. The mode is active in Raman
spectra of the low-symmetry Pnma phase, but the bands are less intensive related to
other vibrational modes that are genetically connected with modes in I'-point of the high-
symmetry Cmcm phase (Figure 5).

The interest to the family of copper rare-earth metal chalcogenides in technical appli-
cation as a key elements of efficient thermal energy management devices require estimation
of its thermodynamic properties. The heat capacity at constant volume was calculated for
EuYCuTe; as a derivative of harmonic phonon energy with respect to temperature as im-
plemented in the phonopy package [44]. The temperature dependence of heat capacity per
one formula unit is plotted in Figure S2. The dependence is fitted within the Debye model,
and the estimated Debye temperature is equal to Tp = 204 K for EuYCuTes. The important
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parameter, which characterizes dynamical properties of a solid, is Griineisen parameter v,
which is computed for each vibrational mode according to the following equation:

=V owy
Yn = w, oV ()

where w,, is the frequency of the n'" phonon mode and V is a volume of unit cell. The
mean value is found to be equal to 1.4, which is close to other quaternary tellurides like
BaCuScTes or CsCdYTes [5].

In order to approximately estimate the magnitude of lattice thermal conductivity, one
may consider empirical equation, which show a very reasonable values for a big set of

different compounds [50]
MT3s
_ D
K, = A’)/ZNZ/3T (3)
where N is number of atoms in the unit cell, 52 is the volume per atom, M is the mean molar
mass of formula unit and the empirical parameter A is given by the equation:

2.43.1078

A =
1—0.514/v +0.228/42

(4)

The value of thermal lattice conductivity obtained using Equation (3) is equal to
1.8 W/mK, several times less as compared to sodium chloride, and of the same value as
reported for other quaternary tellurides [5]. Therefore, EuYCuTes can be classified as a low
thermal conductivity material.

3.6. Elastic Constants and Elastic Modulus

The results of the calculation of elastic constants and elastic moduli of EuYCuTej are
given in Table 3. The Born stability criterion is performed for the tensor of elastic constants
obtained from the calculation. The dependence of the Young’s modulus on the direction
shows a significant anisotropy of the elastic properties (Figure 12). The anisotropy of elastic
properties of EuYCuTe; in the Cmcm phase is significantly greater than in the Pnma phase.

z 0

- 50

—40

Figure 12. Dependence of the Young’s modulus (GPa) on the direction in the crystal structure of
EuYCuTez (Pnma phase, left and Cmcm phase, right).
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Table 3. Elastic constants, bulk modulus (B), shear modulus (G), Young’s modulus (Y), Poisson’s ratio
(Pr.) and universal anisotropy index (AY) of EuYCuTejs.

Space

Group C11 ClZ C13 sz C23 C33 C44 C55 C66 Averaging Scheme B Y G Pr. AU
Voigt 64.1 71.9 274 0313

Cmem 116 52 38 90 43 110 5 30 40 Reuss 63.7 42.2 152 0390 4.02
Hill 63.9 57.5 21.3  0.350
Voigt 62.8 71.5 273 0310

Pnma 100 42 43 113 47 88 36 15 29 Reuss 62.2 65.4 247 0325 054
Hill 62.5 68.5 260 0318

To estimate the anisotropy of the elastic properties of EuYCuTes, we calculated the
“universal” anisotropy index AY according to [51]:

Au:5<GV)+gV—6, (5)
R

where By and Bg are the bulk modules calculated in the Voigt and Reuss approximations,
and Gy and Gg are the shear modules calculated in the Voigt and Reuss approximations, re-
spectively. The deviation of the index AY (5) from zero determines the degree of anisotropic
properties of the crystal. When the crystals of EuYCuTe; have the Cmcm structure, the
value of the anisotropy index AY is significantly greater (Table 3).

3.7. Layered Structure of EuYCuTe;s

In order to establish the possibility of exfoliation, the formation energy of the mono-
layer is theoretically studied. The simulation was held using step-by-step unit—cell ex-
pansion followed by optimization of the cell volume and the atomic positions with fixed
volume of the unit cell. The structure in the Pnma phase was used as a starting point, and
each optimization step was accompanied with 5% expansion of the unit—cell volume. When
the expansion of the unit cell reaches 50%, the structure becomes clearly separated, and
the symmetry of the layer is established as pm2_1b (no. 28) [52]. The obtained monolayer
EuYCuTej structure is plotted in Figure 13 and the relaxed structural parameters are listed
in Table 4. Compared to the bulk crystal, the unit cell of the layered structure is slightly
expanded in the layer plane by about 6%, which is very common in case of layered struc-
tures [53]. At the same time, the layer is more compressed in the normal-to-layer direction,
making the monolayer more flat due to the abrupt bonds between rare-earth metals and
tellurium atoms.

Table 4. Fractional atomic coordinates in a single-layer EuYCuTejs structure in relative units for the
x/a and y/b coordinates and in A for the off-plane z coordinate. Optimized lattice parameters are
a=438 A, b=11832A.

Atom Site xla y/b z, A
Eu 2b 1/, 0.235 2.443
Y 2b 1/, 0.483 0.038
Cu 2a 0 0.1711 0.067
Tel 2b 1/, 0.7369 0.941
Te2 2a 0 0.4323 2.072

Te3 2a 0 0.03159 2.077
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PR P

Figure 13. Visualization of a monolayer in the unit cell of bulk EuYCuTe; (left) and relaxed structure
of the monolayer structure (right).

The exfoliation energy for the 2D material is given by the expression [54]

Eext = Epuik — E1, (6)

where Ep, i and Ej are the total reduced energies (per atom) of the bulk crystal and opti-
mized monolayer structure, respectively. The calculated value for the EuYCuTe; exfolia-
tion energy equals E.ys = —254 meV, which is several times higher than that of graphite
(—50 meV) [55]. Therefore, the interlayer interaction in EuYCuTes; does not purely consist
of van-der-Waals interaction, but includes a covalent nature as well. The high value of the
exfoliation energy also suggests an alternative to well-known strategies in the synthesis of
monolayer structures, such as molecular beam epitaxy (MBE), chemical vapor deposition
(CVD), atomic layer deposition (ALD), physical vapor deposition (PVD), or pulsed laser
deposition (PLD).

The stability of the theoretically predicted single-layer EuYCuTe; structure is validated
with respect to phonon states. The dispersion of vibration states was calculated and plotted
in Figure 14. The coordinates of points in the Brillouin zone are X — (1/,0),Y = (01/),
S — (1/2 1/,) There are no vibrational modes with imaginary frequency values; therefore,
the monolayer structure has a great potential for the real synthesis.

200 S i f i

Wavevector/arb. units

Figure 14. The monolayer EuYCuTe; phonon-branch dispersion along high-symmetry points.

The Raman scattering properties of the single-layer EuYCuTe3 structure are calculated,
and the simulated Raman spectrum in different polarizations is plotted in Figure 15. It
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is noteworthy that the most intense band in the Raman spectrum can be found in the
low-frequency range with a frequency of 36 cm ™!, which corresponds to the a; mode
related to mixed valence Eu-Te and scissor Cu-Te—Cu vibrations. Hence, the band position
in the spectra can be used to characterize local structure deformations due to substrate
influence or defects in the structure.

1.0r — W
VH

0.5F

WJUmJAM

80 100 120 140 160 180 200 220 240 260
Raman shift / cm™1

Intensity / arb.units

Figure 15. Raman spectrum simulated for a monolayered EuYCuTejs structure in parallel (VV) and
crossed (VH) polarizations.

4. Conclusions

In summary, we have successfully synthesized two polymorphic modifications of
the layered telluride EuYCuTe; using the halide-flux method. The crystal structures of
the obtained polymorphs were determined using single-crystal X-ray diffraction. The
orthorhombic crystals of EuYCuTe; keep Pnma symmetry (a-EuYCuTes, Eu,CuSs-type
structure) at room temperature and exhibit a structural phase transition into the space
group Cmcm (B-EuYCuTe;, KZrCuSs-type structure) at 323 K. The DFT calculations of
dynamical and elastic properties reveal two distinct phases. Particularly, the anisotropy
of the elastic properties in the § phase of EuYCuTes is significantly greater than in the «
phase due to the decrease of [CuTey]’ tetrahedra distortion in the Cimcm phase, which
leads to chain ordering along the crystallographic axes. The non-destructive method of
phase determination based on peculiarities in Raman spectra calculated within DFT is
developed. The imaginary mode is obtained in the high-symmetry  phase (Cmcm), and
the structural phase transition f-EuYCuTe3 (Cmcm) — a-EuYCuTes (Pnma) is explained
as the second-order phase transition, induced by soft-mode condensation at the Y-point
of BZ, and is accompanied by doubling of the unit cell. Calculations of the electronic
structure predict a direct band gap for the « phase and an indirect gap for the § phase.
The monolayer configuration of EuYCuTe3 was obtained, and the value of exfoliation
energy is found to be several times higher than that of graphite. Hence, the synthesis
of 2D structures of EuYCuTe; can be very different from well-known techniques. The
stability of the monolayer structure is studied with respect to vibrational states, and the
Raman spectra are simulated, where the most intensive band should be found in the
low-frequency range. Finally, the quaternary europium(Il) telluride EuYCuTe3 exhibits
low-temperature ferromagnetic properties, and the obtained small value of the hysteresis
loop in its magnetization curves allows us to characterize the layered structural chameleon
EuYCuTe;s as a soft ferromagnet.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ma18040820/s1. Table S1. Fractional atomic coordinates
and equivalent isotropic displacement parameters of a- and B-EuYCuTe; Table S2. Anisotropic
displacement parameters (A2) of a- and B-EuYCuTes. Table S3. Wavenumbers and types of phonon
modes at the I'-point for EuYCuTes (Cmcm form). The intensity of the Raman modes was calculated
for A = 532 nm and T = 300 K. Table S4. Wavenumbers (cm~!) and types of the phonon modes
at the I'-point for EuYCuTe3 (Pnma form). The intensity of the Raman modes was calculated for
A =532nm and T = 300 K. Figure S1. The calculated in DFT+U approximation band structure (left)
and projected on atomic species density of states (right) for the Cmcm-phase of EuYCuTes. Figure S2.
The calculated heat capacity (blue curve) at constant volume and Debye model C, with fitted Tp
value. The Dulong-Petit limit of 3R is plotted as gray dashed line.
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