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ABSTRACT ARTICLE HISTORY

The ternary copper-based chalcogenides CusTMCh, (TM =Cr, Received 14 May 2018

Fe and Ch=S, Se, Te), which have simple cubic (SC) crystal Accepted 1 November 2018
structure and conform to P43m space group with 215 space

number, have been investigated by spin-polarised H > .

k . . ; o alf-metallic; electronic

generalised gradient approximation (GGA) in the framework structure of bulk materials;
of density functional theory (DFT). All systems have been mechanical properties of
considered in ferromagnetic (FM) order. The mechanical solids; density functional
and thermal properties and the electronic band structures theory; chalcogenides
of these systems have been investigated after the well-
optimised structural parameters have been obtained. The
spin-polarised electronic band structures of all the systems
exhibit half-metallic behaviour with band gaps in minority
spin channel from 0.29 eV for CusFeTe, to 1.08 eV for
CusCrS,;, while metallic band structures are observed for
majority spins. This agrees with the calculated total
magnetic moments which are close to integer values. The
calculated negative formation enthalpies indicate the
energetic and thermodynamic stability of these compounds.
Moreover, the calculated elastic constants verify that these
materials are stable mechanically due to satisfying Born
stability criteria. The estimated anisotropy shear factors
show that CusFeS,;, CusFeSe, and CusCrSe, systems have
nearly isotropic character with 1.004, 0.910, and 0.958
values, respectively, whereas other compounds have
relatively low anisotropic behaviour.

KEYWORDS

1. Introduction

The ternary copper-based chalcogenide compounds, e.g. sulphides, selenides
and tellurides, are much interesting materials with intriguing physical properties
and good candidates for wide range of industrial applications for optoelectronic
devices such as PV cells, light modulators or thermoelectrics. Therefore, they
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have been attracting considerable attention both experimentally and theoreti-
cally in the past few years [1-6]. CusMCh, type chalcogenides, in which M
atoms can be usually chosen from transition metals (TM), have simple cubic
(SC) crystal structure which conforms to P43m space group with 215 space
number [7,8] and there are several reports about their preparation and synthesis
procedure in literature [9-13].

In some earlier works, authors have studied Cu;MCh, type sulphides and
selenides systems and found that these compounds belong to the p-type semi-
conductors family [14-16]. Another work on optical properties of Cu3VS, com-
pound in the cubic sulvanite structure shows that the photoconductive
properties of this material are stable even at high temperatures up to 250°C
[17]. In an experimental study, researchers focused on CusTaSe, thin films
with a smaller band gap (E;=2.35 eV) to be used in multi-junction solar cells
[18]. Apart from those studies, it has been presented theoretically that ternary
CuzMChy (M =Sb, Bi and Ch =S, Se) chalcogenides are good candidates for
solar cell absorbers [19]. In another theoretical work on the electronic properties
of sulvanite structured semiconductors CusMCh, (M =V, Nb, Ta and Ch =S,
Se, Te), authors conclude that these materials are very suitable for optoelectronic
applications [20].

In this study, we have examined the electronic band structures, mechanical,
and thermo-elastic behaviours of copper-based chalcogenide systems
Cu;TMCh, (TM =Cr, Fe and Ch =S, Se, Te) which crystallise in the simple
cubic (SC) sulvanite structure and belong to P43m space group. Since these
materials have possible applications in spintronic with half-metallic band
gaps, the addition of new materials to ternary copper-based chalcogenide
series is important. To the best of our knowledge, these compounds in cubic
structural phase have not been investigated yet in detail. There are only a few
works on CuzFeS, compound in bornite-idaite structural phase in literature
[21,22]. Also, it is important to know the electronic and mechanical behaviours
of these compounds in cubic crystal structure. The obtained results show that
they can be used in spintronic applications just like other new chalcogenides
which have half-metallic character due to small band gaps observed in the min-
ority (down) spin channel in their electronic band structures. Besides, the elec-
tronic behaviour of these interesting materials, their mechanical and
thermodynamic stabilities can be much important for technological appli-
cations. In this context, we have carried out a detailed ab-initio analysis of
copper-based Cu;TMCh, (TM = Cr, Fe and Ch =S§, Se, Te) chalcogenide com-
pounds by using VASP code. The calculation methods are presented in the
next section. The obtained structural parameters, the calculated elastic constants,
the electronic band structures with the density of states (DOS) and some thermal
parameters are given in the third section. Finally, we have concluded and sum-
marised our results in the last section.
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2. Computational details

For all the calculations in this study, we have used VASP (Vienna Ab
initio Simulation Package) [23,24] software with projector augmented wave
(PAW) method [25]. For all atoms in the compositions Perdew, Burke
and Ernzerhof (PBE) [26] type pseudopotentials have been considered to
approximate exchange—correlation potential within the framework of general-
ised gradient approximation (GGA) of density functional theory (DFT) in
which Kohn-Sham equations are solved numerically and iteratively [27,28].
The valence electron configurations of Cu, Cr, Fe, S, Se and Te atoms in
the compositions are as follows: 3d'%4s!, 3d°4s', 3d74s!, 3323p4, 3d104sz4p4,
and 4d'%5s°5p*,

Brillouin zone integrations have been performed with automatically gener-
ated 12x12x12 k-point mesh in the irreducible Brillouin zone yielding 56 k-
points following the Monkhorst Pack scheme [29]. For basis sets expansion of
the wave functions, the kinetic energy cut-off value has been chosen as
1000 eV which is large enough to describe the physical properties in great
accuracy. Methfessel-Paxton type smearing method has been applied on fer-
mionic occupation function with 0.01 eV smearing width. For the ionic relax-
ation process, the quasi-Newton method has been applied until the forces on
ions are less than 10™° eV/A Also, the convergence criterion for energy in
successive iteration steps has been taken 10™° eV. The lattice parameters
and atomic positions of atoms in primitive cell of the crystals have been
well optimised by minimising both the forces and the pressure on these
systems.

3. The obtained results

Firstly, we have relaxed CusTMCh, (TM = Cr, Fe and Ch =§, Se, Te) chalcogen-
ide compounds to obtain well-optimised structural parameters and suitable
atomic positions in the primitive cell. In the primitive cell of this type of
crystal, three Cu atoms are positioned on the Wyckoff positions 3d (0.5, 0, 0),
transition metal (TM) atom (Cr or Fe) is placed on la (0, 0, 0), whereas four
chalcogenides (S, Se, Te) are placed at 4e ((0.232, 0.232, 0.232) for CusCrS,,
(0.239, 0.239, 0.239) for Cu;CrSe,, (0.247, 0.247, 0.247) for Cu;CrTe,, (0.228,
0.228, 0.228) for CusFeS,, (0.245, 0.245, 0.245) for CusFeSes, and (0.255,
0.255, 0.255) for CusFeTe,) as seen in Figure 1. The three-dimensional (3D)
crystallographic representation of these compounds, which are in simple cubic
(P43m space group with space number 215) phase with 8-atom primitive cell,
is shown in Figure 1. After the structural relaxation process are completed,
optimal structural parameters have been obtained. Then, electronic band struc-
tures, mechanical stability, and also some elastic and thermal properties have
been examined by using these optimised parameters.
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Figure 1. The three dimensional (3D) crystallographic shape of ternary copper chalcogenides
CusTMCh, (TM=Cr, Fe and Ch =S, Se, Te). The blue, orange and yellow coloured atoms rep-
resent copper ions, transition metal ions, and chalcogen anions, respectively.

3.1. The optimised structural parameters and the thermodynamic stability

The obtained structural parameters, e.g. lattice constants, bond lengths and the
formation enthalpy values which are important to decide thermodynamic stab-
ility, have been tabulated in Table 1 for CusTMCh, (TM = Cr, Fe and Ch =S, Se,
Te) chalcogenide compounds. The formation enthalpy (AH) of a crystal which
has the chemical formula A,B,, can be calculated from its internal energy
changes [30] as seen in Equation (1),

AHf = Ejo — (xE3" + yER™), (1)

where Ej,; is the total energy of the unit cell of the crystal. E5* and E§"* are the
ground state energy values of A and B atoms in their bulk crystal forms. Due to
this definition, if the calculated formation enthalpy of a crystal is negative, this
crystal is thermodynamically stable or is structurally synthesisable. The calcu-
lated negative formation enthalpy values given in Table 1 indicate that these
compounds are thermodynamically stable and synthesisable materials for tech-
nological applications.

After obtaining ground state volume and energy values of these materials,
energy-volume curves are plotted as seen in Figure 2 by fitting the Vinet

Table 1. The optimised lattice parameters, bond lengths, and the calculated formation
enthalpies of CusTMCh, (TM=Cr, Fe and Ch =S, Se, Te) (Space group: P43m, Space No:215)
chalcogenides.

Material a(h) drcn () deu-cn () AH; (eV/fu.)
CusCrS, 5.440 219444 230730 —8.561
CusCrSe, 5.661 2.34394 241787 —4.591
CusCrTe, 5976 255914 257827 —0.838
CusFeS, 5.483 2.15597 2.30158 —7.798
CusFeSe, 5593 238048 240898 —4330

CusFeTe, 5.880 260137 2.56533 —1.092




PHILOSOPHICAL MAGAZINE (&) 517

-32.00 -31.00
-33.80 -32.60
o ~
d 5
S -3560 L 00
2 >
o0 &0
15} f
o 5)
= ]
B 3740 o _ass0
= =
4 -
o ]
= =
-39.20 CuyCrS, 3740 | CuyFeS,
Cu;CrSey Cu,FeSe,
CiTe, ----- FeTe, —----
@ CuyCiTe, © CujFeTe,
-41.00 . ~39.00 : :
105 156 207 258 309 105 156 207 258 309
o 3 ° 3
Volume (A”) Volume (A~)

Figure 2. Total energies of primitive cell as a function of volume of ternary copper chalcogen-
ides: (a) CusCrCh, (Ch =S5, Se, Te), (b) CusFeCh, (Ch =S5, Se, Te).

equation of state [31]. A well-converged ground state is obtained for each of our
materials, with the asymptotic standard errors in fitting process being less than
about 1%. The calculated lattice parameters with fitting process are given in
Table 1.

As seen in Table 1 and in Figure 2, the energetic stability of Cu;CrS, com-
pound is the highest, while Cu3CrTe, compound has lowest stability. Also, it
can be clearly seen that sulphur atoms increase the energetic stability whereas
tellurium atoms decrease. There is not any available study in literature about
these systems, which are crystallised in the simple cubic (SC) crystal structure,
to make a comparison. Moreover, it is obviously seen that TM-Ch and Cu-Ch
bond lengths are increased in tellurides compared to sulphides indicating
higher energetic stability.

3.2. The calculated electronic band structure and magnetic moments

The electronic behaviour of a crystal can be described with the calculated elec-
tronic band structure and the density of states (DOS) which can give more and
detail information. The calculated spin-polarised electronic band structures
and the total density of states (DOS) of Cu;TMCh, (TM =Cr, Fe and Ch=
S, Se, Te) chalcogenides within GGA have been plotted for both majority
(up) and minority (down) spin channels along the high symmetry lines in
the first Brillouin zone as seen in Figures 3 and 4. It is clearly seen from the
figures that these materials have half-metallic character, since there are min-
ority (down) spin band gaps which are E,=1.08eV for CusCrSy Eg=
1.04 eV for CusCrSes, Eg=1.01 eV for CusCrTey, E;=0.31¢eV for CusFeS,,
Eg=0.50 eV for CusFeSey, E;=0.29 eV for CusFeTe,. All the observed band
gaps are indirect gaps which are from R to X point for Cu;CrCh, and
CusFeSe, systems, from R to M point for CusFeTe, system, and from R to T’
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point for CusFeS,. Also, the distribution of majority and minority spin chan-
nels are nonsimilar which indicates that the magnetic characters of our systems
are not paramagnetic.

The calculated orbital projected partial density of electronic states of
Cu3CrChy and CuzFeCh, (Ch=S, Se, Te) compounds are presented in
Figures 5 and 6, respectively. There are hybridisations between 3d states of tran-
sition metal atoms (Cu, Cr, and Fe) and p-orbitals of chalcogen atoms (S, Se and,
Te) (between —2 eV and —3 eV) in the valence band which is below Fermi level
and also between 3d states of Cr (Fe) and p-orbitals of chalcogenides (S, Se,
and Te) (around 1.5 eV) in the conduction band which is above Fermi level.
Below the Fermi level, Cu-d states (almost —3 eV) are dominant for all
materials while Cr (Fe)-d states (almost 1.5eV) are dominant above the
Fermi level for these systems, as seen in Figures 5-6, respectively. Also,
there are Cr-d states (around —1 eV and —2.5¢V) below the Fermi level
for CuszCrCh, compounds and there are Fe-d states (around —0.5eV and
—5 eV) below the Fermi level for Cu;FeCh, compounds, as seen in Figures 5-
6, respectively. Additionally, it can be seen that filled-3d (4d) states of Se (Te)
atoms in selenides (tellurides) have no remarkable effect on bonding features
of CuzTMSe, and Cu;TMTe, material series. The electronic states around
Fermi level can only contribute to bonding between the atoms and the low
energy states corresponding to closed shell electrons have no effect on
bonding behaviour. As seen in Figure 5, d-states of Se and Te atoms
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Figure 5. The total and orbital projected partial density of electronic states of atoms within GGA
for (a) CuzCrS,, (b) CusCrSey, (c) CusCrTe,.



520 A. ERKISI AND G. SURUCU

20 | Majority 20 | Majority 20 | Majority
5 5 Minority —— o Minority —— i | Minority ——
o) f | ) 2]
g o ' g o g o
) S, B S O . NN b
=) ,W YT = W MLl 2 W i
-10 | l -10 t l 10 l ’
20 F =20 20 |
20 + Cus- ——~ 20 F Cus- ——~ 20 Cus- -
Cups === Cup- ——- Cupe ===
2 10 Cuo- 2 10 r Cud- 2 10 1 Cud-
a 0 A e A 0 Jal 0
~ ~ ~
10 l -10 t l 10 l
20 20 t 20
5t Fes- —— 5t Fes- —— 5t Fes- -
Fep- ——- Fep- —— Fep- ——-
8 23 Fe d- 8 23 F p Fe d- 8 25T Fe d-
2 04 A o ]2 o -
% ~ A~
25 b l 25 l 2.5 l
5t 5 5
s, i Ss- - 5t 5t Teigs ===
! Sp- - ) Tep- -
LI L |
2 Bp4 n 2 2 Pl aih ahl ™
Q o MLt A Q Q o AL A .
a AR TR [a) [a] [ Ao WA
Sl = = | NFH
/ W ;
{ -
5 F@ 5 S e
6 3 0 3 6 6 -3 0 3 6 6 -3 0 3 6
E-Eg (eV) E-Eg (eV) E-Eg (eV)

Figure 6. The total and orbital projected partial density of electronic states of atoms within GGA
for (a) CusFeS,, (b) CusFeSe,, (c) CusFeTe,.

(dashed green lines) have very low density of states around Fermi level. That
means these states have not a determining role in bonding and the formation
of related crystal phase. In this view, half-metallicity and the bonding prop-
erties of these systems are mainly determined by d-orbitals of transition
metal atoms (Cu, Cr, and Fe) and p-orbitals of chalcogen atoms (S, Se, and
Te) and hybridisations between them. These compounds can be regarded as
half-metallic and can be used in spintronic devices.

Our materials have ferromagnetic nature due to the plotted energy-volume
graphs in antiferromagnetic and ferromagnetic phases by using GGA within
DFT, as seen in Figure 7. For all materials in this study, a 2x2x2 super-cell
which is composed of 64 atoms, is used to calculate energy and volume
values. The calculated values have been fitted to Vinet equation of state [31].
We have obtained a well-converged ground state for all compounds in this
study due to the asymptotic standard errors about 1 % in fitting the Vinet
equation.

The partial magnetic moments of Cr (Fe) atoms play a dominant role on the
total magnetic moment of these systems. Therefore, Cr (Fe) atoms are responsible
for the ferromagnetic nature of these compounds, as tabulated in Table 2. Also asa
typical property of half-metallic materials, total magnetic moments of these
chalcogenides are close to the integer values; especially g, s, = 0.990 g,

Pcuscrse, = 1:036 pug.
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3.3. The mechanical stability and the estimated mechanical properties

We have used ‘stress—strain’ approximation [32] within ab initio method to cal-
culate the elastic constants of these compounds. Then, the mechanical stability
and elasticity have been examined with these constants. The calculated elastic
constants of a solid can give more and detailed information about the dynamical
behaviours such as mechanical stability, hardness or brittleness even bonding
types of a crystal. For a crystal having cubic symmetry, it is well known that
there are three independent elastic constants which are C;;, C;, and Cyy [33]
and the calculated second-order elastic constants of CusTMCh, (TM = Cr, Fe
and Ch =S, Se, Te) chalcogenides within first principles methods are presented
in Table 3.

In technological applications, the mechanical stability or the durability of a
crystal against external forces is a desirable feature. In this view, the calculated
elastic constants of a crystal must satisfy some criteria well known as the
Born-Huang mechanical stability criteria in order to be mechanically stable
[33]. For any cubic crystal, these criteria depending on the calculated elastic con-
stants are given by

C11 — C12 > 0 C11 + 2C12 > 0; Cll > 0 and C44 > 0. (2)
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Table 2. The calculated total magnetic moments (ug) of the ternary
copper-based chalcogenides CusTMCh, (TM =Cr, Fe and Ch =S5, Se,
Te) in ferromagnetic order and total magnetic moments of Cu, Cr,
and, Fe atoms and also chalcogenides (S, Se and Te) in compositions.

Material Mtot(”‘B) “‘atom(“'B)
Cu3CrS, 0.990 ey = —0.079
e = 1.212
s = —0.143
Cu3CrSey 1.036 e, = —0.149
Mo = 1431
Mse = —0.246
CusCrTey 1.156 Moy = —0.208
e = 1751
pre = —0.387
CusFeS, 2.723 Moy = 0.149
Mpe = 2.362
s = 0.212
CusFeSey 2.790 Py = 0.007
Mpe = 2.712
pse = 0.071
CusFeTe, 2.802 e, = 0.001
Mpe = 2.813
pre = —0.012

Table 3. The calculated second-order elastic constants and Cauchy pressures (C,) of copper-
based chalcogenides CusTMCh, (TM =Cr, Fe and Ch =S, Se, Te) within GGA approximation.

Material C;; (GPa) Cy, (GPa) Cas (GPa) C,(GPa) = Cry — Caq
CusCrS, 72.40 24.62 1734 7.28
CuyCrSe, 53.06 2273 1453 8.20
CusCrTe, 36.86 19.71 1331 6.40
CusFeS, 63.03 24,93 19.13 5.80
CusFeSe, 52.56 19.05 1525 3.80
CusFeTe, 38.82 17.24 13.83 341

The calculated second-order elastic constants within ‘stress-strain’ approxi-
mation show that these materials are stable mechanically since their calculated
elastic constants satisfy these stability criteria.

Among the elastic constants of a cubic crystal, elastic modulus Cy4 gives infor-
mation about resistance to shear deformation across the (100) plane in the [110]
direction and tetragonal shear constant (C;; — Ci,)/2 value presents resistance
to deformation by shear on the (110) plane in the [110] direction [34-36]. It is
clearly seen that Cy4 constants and (C;; — Cy3)/2 values of tellurides are lower
than the others indicating the weakness of the telluride systems to shear defor-
mation along these directions, whereas sulphides have higher strength to shear
deformation in the same directions.

The Cauchy pressure which can be calculated as C, = Ci; — Cyy, can give
information about the ductility or brittleness of a crystal [37]. The crystal is
regarded as ductile when the calculated Cauchy pressure is positive. On the con-
trary, the Cauchy pressure of brittle materials is negative. These chalcogenides
are ductile with positive Cauchy pressure values, this is a desired property in
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industrial applications, since brittle materials are not able to absorb energy and
do not deform plastically and therefore, show tendency easily fracture under
stress and strain [38]. Among the compounds under investigation, the ductility
of Cu;CrSe, is more evident than the other as seen in Table 3.

3.3.1. The estimated elastic properties

We used the calculated elastic constants to predict some important elastic prop-
erties of these chalcogenides; such as bulk (B) and shear moduli (G), Young’s
modulus (E), Poisson’s ratio (o) and Pugh’s ratio (B/G). The Voigt [39] and
Reuss [40] approximations present upper (By, Gy) and lower limits (Bg, Gg)
of bulk (B) and shear moduli (G) of a crystal as in Equations (3)-(5), respect-
ively. Also, average value bulk (B) and shear moduli (G) can be calculated by
using Hill (By, Gy) [41] approximation which is a measure of resistance to
reversible deformations upon shear stress and represents the resistance to
plastic deformation as in Equation (6). It is well known that By, Bp and By
values of a cubic crystal are equal to each other.

By = Br = By = (C1 +2C12)/3, (3)
Gy = (Ci1 — Ci2 + 3Cuy)/5, (4)

Gr = 5(Ci1 — C12 )Cua/(4Cu + 3Cyy — 3C12), (5)
By = (1/2)(By + Bg) and Gp = (1/2)(Gy + Gg). (6)

In addition, Young’s modulus (E) [42] which can determine the linear strain
along edges of a crystal and is given as the ratio of stress and strain, and Poisson’s
ratio (o) [42] which can give detailed information about the compressibility of a
crystal, can be predicted by using bulk and shear moduli as given in Equations
(7) and (8), respectively.

E = (9BG)/(3B + G), (7)
o= (3B—2G)/[2(3B+ G)]. (8)

The estimated Young’s modulus (E) which we have used to characterise stiffness
of our materials, indicate that these compounds can be regarded as soft materials,
as presented in Table 4. Among the materials, sulphides are stiffer materials than

Table 4. The estimated bulk modulus, shear moduli, Young’s moduli, Poisson’s ratios, Pugh’s
ratios (B/G) of CusTMCh, (TM =Cr, Fe and Ch =S, Se, Te) chalcogenide materials.

Material B (GPa) Gy (GPa) Gg (GPa) Gy (GPa) E (GPa) B/G o

CusCrS, 40.55 19.96 19.48 19.72 50.90 2.056 0.291
CusCrSe, 32.84 14.79 14.77 14.78 38.56 2.221 0.304
CusCrTe, 2543 11.42 10.91 11.16 29.21 2.278 0.309
CusFeS, 37.63 19.10 19.10 19.10 49.01 1.970 0.283
CusFeSe, 30.22 15.85 15.82 15.83 40.44 1.908 0.277

CusFeTe, 24.44 12.61 12.43 12.52 32.09 1.952 0.281
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the others whereas telluride chalcogenides have higher flexibility. The predicted
bulk moduli (B), shear modulus (Gy, Gg and Gpy), Young’s modulus (E), B/G
(Pugh’s ratio) and Poisson’s ratios (o) of Cu3TMCh, (TM =Cr, Fe and Ch =§,
Se, Te) chalcogenides within ab inito methods are tabulated in Table 4.

The ductility of the solid materials can be predicted from the calculated B/G
value which is known as Pugh’s ratio [43]. The brittle and ductile materials can
be separated from each other by the critical value known as 1.75. If the calculated
Pugh’s ratio of a crystal is lower than this critical value, it can be said about this
material as a brittle whereas the ductile materials have higher Pugh’s ratio. In this
respect, our compounds in this work are ductile materials and also, the Cauchy
pressure (C,) calculations in Section 3.3 are compatible with this prediction.

The nature of incompressible or compressible character of any crystal can be
understood from the predicted Poisson’s ratio (o). If this ratio approximates to
0.5 (00— 0.5) the material tends to be incompressible behaviour and the
material can be regarded nearly incompressible while this value is equal to 0.5
(0=0.5) [44]. It is clearly seen from Table 4 that the calculated Poisson’s
ratios of these compounds are around 0.3 which shows that our materials
have nearly compressible in nature.

The shear anisotropy factor which can be defined as a measure of the degree
of the elastic anisotropy of a material, is an important mechanical parameter for
solids. A cubic crystal has two shear anisotropy factors which are A for the {100}
planes and A_ for the {110} planes and also can be calculated as given in
Equations (9) and (10), respectively [45]:

A =2Cy/(Ciy — Ci2), )

A_ = Cyu(Cp +2C1y + C11)/(CLCyy — C3), (10)

whereas CL = C44 + (C11 + Clz)/z.

The A_ value for the {110} planes of a crystal which has cubic symmetry, is
not independent of A, but does reduce to A for conditions of elastic isotropy as
2Cy4 = Cy; — Cy,. The predicted shear anisotropy factors for our materials in
this study are tabulated in Table 5. These calculated values indicate that
Cu;FeS,, CusFeSe, and Cu;CrSey compounds have nearly isotropic character
with 1.004, 0.910 and 0.958, respectively, whereas other compounds show low

Table 5. The calculated anisotropy shear factors (A and A_) of CusTMCh, (TM = Cr, Fe and Ch =,
Se, Te) chalcogenide materials.

Material A for the {100} planes A_ for the {110} planes
CusCrS, 0.726 0.781
CusCrSe, 0.958 0.968
CusCrTe, 1.552 1.371
CusFeS, 1.004 1.003
CusFeSe, 0.910 0.931

CusFeTe, 1.282 1199
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anisotropic character mechanically and also anisotropic behaviour of these
materials for (100) plane are greater than that for (110) plane.

3.3.2. The estimated some thermal properties

Among the fundamental parameters of a crystal, Debye temperature (6p) is
related to plasticity and thermal properties, such as elastic constants, specific
heat and melting temperature. Furthermore, the high and low-temperature
regions of solid crystals can be roughly defined with this parameter, since a
higher Debye temperature indicates a higher thermal conductivity and
melting temperature. In this study, Debye temperatures (6p) of these com-
pounds have been estimated by the following formula [46],

0 = (h/R)[(3n/4m) (Nap/M)]Vv,, (11)

where h is the Planck’s constant, p is the density of the material, k the Boltz-
mann’s constant, N4 is the Avogadro’s number, M is the molecular weight,
n is the number of atoms in the molecule and finally v,, is the average wave
velocity. The predicted Debye temperatures (6p) of Cu3TMCh, (TM = Cr, Fe
and Ch =S, Se, Te) chalcogenides are given in Table 6. The calculated values
show that sulphur atoms increase Debye temperature value of the compound
whereas tellurium atoms reduce.

The sound conductivity nature of a solid can be predicted with the calculated
wave velocities such as average (v,,), longitudinal (v;) and transverse (v;) wave vel-
ocities which are also necessary parameters to calculate Debye temperature. The
average wave velocity (v,,) can be calculated using the following expression [46]:

v = {(1/3)[2/()) + /). (12)

The longitudinal wave velocity (v;) and the transverse wave velocity (v;) of a
crystal can be obtained from Navier’s equation [47] as presented below.

vi = [(B+ (4G/3))/p]'/?%, (13)
ve = [G/p]">. (14)

The calculated wave velocities of CusTMCh, (TM = Cr, Fe and Ch=S§, Se, Te)
chalcogenide systems are tabulated in Table 6. It is clearly seen that, in sulphide

Table 6. The calculated longitudinal (v)), transverse (v¢), and average (v,,) wave velocities and
also Debye (6p) and melting temperatures (Tye;) of CusTMCh, (TM=Cr, Fe and Ch=S, Se,
Te) chalcogenide materials.

Material v (m/s) Vi (m/s) Vi (M/s) p (K) e (K)

CusCrS, 4181.6 2271.2 25339 263.1 981 + 300
CusCrSe, 3206.7 1700.8 1900.8 1929 867 =300
CusCrTe, 2622.8 1380.2 1543.3 149.7 771 +300
CusFeS, 4056.9 2232.1 2487.8 257.8 926 + 300
CusFeSe, 3103.0 1723.4 1919.5 197.2 864 + 300

CusFeTe, 2580.1 1423.5 1586.3 156.4 782 +300
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type chalcogenides, sound velocity values are higher than in the selenide and tell-
uride type chalcogenides, like Debye temperatures (6p) values. Therefore, it can be
said that the sound conductivity of sulphides is better than that of other types.
Now, we have roughly predicted the melting temperature (Ty;) from the
calculated C;; constants of our compounds by following the formula [48]

591K
TMelt =|553 K + GP

)cu} + 300 K (15)
a

It can be seen from Table 6 that, the roughly estimated melting temperatures of
these compounds are in accordance with Debye temperature values. To the best
of our knowledge, there are no available data in literature to make a meaningful
comparison.

4, Conclusion

In this study, the thermodynamic and mechanical stability, electronic band
structures with the calculated magnetic moments, and some thermal properties
of copper-based Cu;TMCh, (TM =Cr, Fe and Ch=S§, Se, Te) chalcogenides
which conform to P43m space group with 215 space number, have been inves-
tigated in detail. The compositions have been evaluated in ferromagnetic order.
The calculated formation enthalpies show that the chosen compounds are ther-
modynamically stable and synthesisable materials for technological applications.
Due to GGA band structures, all the materials have half-metallic character due
to minority indirect band gaps which are E, = 1.08 eV for Cu3CrS,, E;=1.04 eV
for CuzCrSey, Eg = 1.01 eV for CusCrTey, Eg=0.31 eV for CusFeS,, Eg=0.50 eV
for CuzFeSey, Eg = 0.29 eV for CusFeTe, with nearly integer magnetic moments.
All materials in this study have mechanical stability due to the calculated elastic
constants satisfying Born-Huang criteria and are ductile with positive Cauchy
pressure. Also, the predicted anisotropy shear factors indicate that especially
CusFeS,, CusFeSe, and Cu;CrSe, systems have nearly isotropic character with
1.004, 0.910 and 0.958, respectively, whereas other compounds indicate low ani-
sotropic behaviour. The present alloys with especially half-metallic electronic
band structures can be good candidate for spintronic devices and also with duct-
ility can be used in technological applications.
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